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ABSTRACT

The effects of a high fluid pressyre environment on electronic
cozponents has-been examined with emphasis on semicondictor devices
including inctegrated circuits. The impetus for thig study has been
the possible application of electronic systems in the deep ocean
without protection from the large hydrostatic pressure of that envir-
onzent.

The effects of both the fluid and the pressure on cozponents
femereced in oil at pressures up to 15,000 psi have been considered
theoretically, with experimental verificaticn when possible. It is
concluded that structurally hozogeneous electronic materials such as
silicen end gercaniunm will not be affected by the high pressures.
Siwmilarly, while the fluid and the impurities contained in it can
potentially cause changes in semiconductor device properties, none
are expected to occur because of the advanced manufacturing and pack-
aging techniques currently employed for such devices. The effecte of
pressure will be most evident on cozpenents containing veids within
the package. For example, metal enclosures for semiconductor devices
will be deformed at pressures equivalent to izmersion at several
hundred foot depths fn thec ccean.

Pressure hardening techniques involving free flooding and component

structure design are described.
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STUDY OF CONTEMPORARY ELECTRONIC COMPONENTS
UNDER A FLUID-PRESSURE ENVIRCNMENT

1.00 INTRODUCTIOR

The purpcse of this report is to docuzent the results of a study to
determine the influence of a flufd-pressure eavironment on contemporary
electranic components. The study has been concerned with: (1) an identi-
fication of preblem areas, (2} evaluation of devices and components in
view of problems, (3) identification of failure modes and techniques to
prevent failures, and (4) development of technolegy to be used to harden
as pany cozpotiente as possible for use in undersez applications. The
resuits reported here are based on both thesretical and experimental
considerations. Due to the cozplexity and size of the total problen
of outboarding eiectrouics, the study has of necessity been limited to
critical areas with many interesting snd needed considerations forgens
in the interest of time and funds.
1.1 Past Work and Future Needs

The desire and indeed the successful zccomplishzent of outboarding
electronics is not new. As early as 1953 [Ref. 1}, testing was started
to determine the effect of deep ocean pressures on both pagsive componants,
resistors, capacitors, inductors-iransformers, and thermistors and active
cozponents, transistors and batteries. Subsecquent tests werc performed
in the saze manner {Refs. 2, 3, 4]. The approach was strictly empirical.
Typically used componeats were selected and circuit paraceters, resistance,
capacitance, inductance, leakage, currents, ctc. were xonitored to determine
their change in value versus pressure. Insofar as ccxponents could be

generally claseified by type, the results were similar:
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1. Carbon-composition resistors usually changed value by -202/10C0
atmospheres to -30%/1000 atmospheres. Wire wound or film type
resistors usually exhibited little change in resistance with
pressure.

2. Capacitors of completely filled coenstruction, such as molded
or dipped mica, glass, mylar and impregnated paper types, usually
showed swall change in capacitance with pressure. Exceptions
werc traceable to internsl veids. The effects of these voids
were wore noticeable for tantalum and aluminum electrelytic
capacitors, which usually exhibited severe case deformation
and often failed.

3. Inductors and transformers with laminated cores usually exhibited
little parameter value change (inductance or voltage ratio).
However, porous core structures such as permalloy dust, tape
wound and ferrites were found to exhibit large value changes
with pressure.

4. Transistor cases crushed at pressures which depended uﬁon size,
the larger the case size usually the lower the pressure at
which it failed.

A few attempts at modification were made. Potting was found to be
effective in increasing component pressure resistance, particularly when
a flexible silicone rubber under coat was used prior to the addition of
a nore rigid outer cover such as epoxy [Ref. 2}, Potting of complete
circuits was alsc found to be effective [Ref. 2]. Another technique,

. flooding, was also found successful, at least on a short term basis.

Flooding with oil was used on transistcrs [Refs. 2, 3] without evidence




of contamination up to a month. Flooding a permalloy dust core with oil
reduced the maximum change in inductance with pressure from 32 percent
to one percen: [Ref. 2].

This previoux work has been empirical, generally an attempt to find
usable comporents to fulfill a particular need. In some cases, the desig-
nation and manufacturer of the components tested has been given [Refs. 1, 4l.
In other cases, due to the required brevity of the article, such information
is sketchy [Ref. 2] or rcompletely absent [Ref. 3}. The reported results
lead to the gencral maxim: zveid voids. Other general conclusions are
difficul:s to draw, however.

More recently thers have been two activities within the Xavy in this
field. The first of these has been at the Navy' Ship Research and
Developzent Center at Annapolis, Maryiand [Ref. 5). This werk has been
concerned primarily with a review of the total problem of outboarding
electronic systeme and consequently considering such important problems
as selection of the pressurizing fluid. Reference 5 contains many
ioportant references and suzmaries of past work. The other Navy study
i3 being performed at the Naval Undersea Center, Hawaii Laboratory
[Ref. 6]. This work has concentrated on evaluating the feasibility of
utilizing cff-the-shelf electronic components. XNumercus devices have
been identified as potential candidates for outboard applications.

The present study is in direct suppert of the NSRDC effort.

Eophasis has been placed cn obtaining fundamental information for use in
characterizing the influence of a {luld-pressure environment on electronic
components and to identify pressure hardening techniques to qualify
devices which will not withstand the eanvironzment. Fecause a fair amount

N

of work has been reported to date on passive P ts, the emphasis of




the present progran has been to formulate an analysis rhat will explain
the previous test results. For semiconductor components, however, a
wore ambitious program has been undertaken. This has been done fox two
reasons: first, the amount of past work reported in this area is slight,
and in little detail; second, the recent trend in integration of devizes

and comp ts in semiconductor microcircuit form has and will continue

te revoiuticnize circuit design. If a study of pressure effects is to
be of value to designers of future Navy outboarded equipments, it must
deal with those devices and components that designers must use to carry
out the increasingly complex operational and explorational missious of
this decade and beyond.

A discussion of the semiconducter devices most likely to be used
and the justification for selection of represcntative types is given in
Section 1.2 below. Chapter 2.0 presents an analysis of the eifects of
pressure on cozpenent housings and packages, including a discussion of
cethods of ceinforcement or redasign to improve pressure resistance.
Chapter 3.0 deale with the problems caused by direct exposure of component
iaternais to the pressurizing fluid. Chapter 4.0 presents a summary of
the results of the study to date and thelr relation to the anticipated
probleny. Chapter 5.0 gives our recomendations for further research.
1.2 Selection of Drices feor Testing

In order to ob:ain an idea of what components are wcst likely to
be uged in systems -lesigned in the nesr future for outboarding, which
componente must necrssarily be tested for pressure tolerauce, we first
look at several system types tha: would possibly be outhcarded. For con-
venlence, we divide these into categories of elecironic power supplies,
sensing and signal nrocessing systems. irformazion processing and coatrol

systems, and power wd propulsion costrol systems. Tables 1.1, 3.2, 1.3
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Table 1.1: Major Cooponents in Electronics Power Supplies

A. Discrete Conmponents

1. Transformers
2, Inductors
3. Capacitor
4. Rectifiers

5. Series Pass Regulator
(Power Transistor}

6. Resistors (Divider and
Bleeder networks)

7. Thyristors (SCR, TRIAC, etc.)
B. Inteprated Circuit Cozponents
1. Voltage and current seasing and
control
2. Reference voltage supplies

3.  Zero-voltage switching coatrol
C. Fabrication Components

1. Hard wire and soider
2. Heat sinks
3. freutt board {hard wire or p.c.)

'S Device sockets and board connectors
(plug in)

5. Metal chassis, brackets, etc.




AN S ot

St

7

S R A AYAN

Ve v B o ad e N e

Table 1.2: Major Componeats in Sensing aad Signal Processing Systems

A.

B.

Discrete Devices

1. Crystals {reference oscillators, filters)
2. Delay lines

3. Transistors

4. Diodes

5.  Capacitors

6.  Resistors

7. Inductors

8. Transducer elements

integrated Circuit Conponents

1. Linear IC's (op amps, references)

2. Non-linear IC's (comparators, one shots, D/A and
A/D converters, function generators, ete.)

3.  Dbigiral IC's
Hybrid Componeats

1. Linear chips
2.  Non-linear chips
3. Ddigital chips

4.  Passive compoaent chips or pellets
Fabrication Components

1.  Hard wire and gsolder

2.  Heat sinks

3. Circuit board (hard wire or PsCe)

4. Hybrid substrate and lead frame

5. Device sockets and board connectors (plug in)
6. Coaxial cable or shielded rulti-pair

7.  Chassis, brackets




r ¢
}; - Table 1.3: Major Comporents in Information Processing and Control Systens
{r z A. Integrated Circuit Couponents
3 1. Gates for in/out routing, control
23 2. shift registers
3. Arithmetic processors
_ b4, Fiip-£flops
5.  Progratmmable wemory
= »  Read only memory
‘E B. Discrete components
-
3 1. Crystals (reference oscillators - cloek)
% 2.  Delay lines
= 3.  Tranmsistors
3 4. Passive components
C. Hybrid Components
1. Transistor and diode chips or pellets
2.  Passive Component chips or pelletg
= D. Fabrication Components
7f§ 1. Hard vire and solder
E 2. Heat Sinks

Circuit board (hard wire or p.c.)

Yy
w
b

4. Hybrid substrate and lead frave
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Device sockets and board cornectors (plug in)
6. Coaxial cable or shielded qulti-pair
Chassis, brackets
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and 1.4 give, respectively, a listing of the components commonly found
in systens of these types. These components are divided into discrete
components, in other words, those components containing only cne device;
integrated circuit components in which a variety of electronic functions
are performed in one package; and fabrication components including the
hardware that is necessary to interconnect and mount the discrete and
integrated circuit components. Another category which is included is
that of hybrid components. The hybrid components are those components
wvhich serve a multifunction purpose and are different from integrated
cczponents in that they may be composed of several chips and may be used
.ni the same circuit with discrete device components, all mounted in one
package.
These listings are not meant to be exhaustive, but are meant to sive
:: indfzation of the variety of componente which must be investigated
;2 mu-t oe proved to be pressure tolerant or proved to be modifiable to
- ssure tolerance in order that the systems of these types may be con~
‘ructed for outboarding in submersible vehicles. With these 1istiags cs
a zuide, we now go or to discuss the justification for including the
sexiconductor device components which are considered to be useful to the
witess degigner, both in the icmediate future and several yeers from now.
Discrete trensistors for a long time to come are most likely to be
used in power applications, that is, in those applications which require
the handling of high currents or high voltages im a circuit. Except for
relatively rare occurrences, such as mentioned in [Ref. 7], placement of
power transis:or structures on an integrated circuit chip is ifmpractical
due to the large area required and because of the heat generated during

operaticn. Large areas Increase the probability of manufacturing defacts




Table 1.4t Major Components in Power and Propulsion Control Systens

s Al Integrated Circuits

1. Linear 1C's (op amps, references)
2. Hon~ifnear IC's {b/a converters, one shots)
3. Digital IC's (xaip-flops and logic functions for
alarzs, interlocks and switching control)
B. Discrete Corponents

1. Rectiffers

2.  SCR's (uni- and bi~directional)

3. Power transistors

4. Capacitors (comnutation, coupling, filtering)
5. Resistors

6. WT and four-iayer devices

7. Transforzers (pulse and power)

8. Iadectors

9. Electromechantcal contactors

10. Surge and RF1 suppressors

C. Fabriracfon Components

I, Rard wite ana solder

2, ueat sinks

3. Ctecuit board (hard wire and p.c.}
4. Hybrid substrate and lead frame

5.  Device sockets and board connectors
6. Coax cable or shielded nulti-pair
7.  Chassis, brackets, etc.




due to the presence of crystallographic faults in the silicon wafer, or

due to inhomogeneous conditions over the wafer's surface during one or more

of the processing steps in constructing the circuit. In addition, the

large power dissipation of a power transistor structure means that the
heat must be dissipated and that the surrounding area of the chip is

raised to a fairly high operating temperature. If cthis can be porsibly

avoided in the small signal circuits, it is desirable to do so. For these

reasons, it seems most likely that far into the future, whenever small
signal processing components and power transistor components must be
used in the same circuit, that the power transistor components will be
separately mounted away from the small signal processing circuit chips
so that the power dissipation of the higher power components can be

adequately taken care of without undue temperature rises iu the small
signsl eircuits.,

The next category of components is that of small scale, or medium

scale, integrated circuits, These are used in relatively simple gystems,

such as those for sensing and signal processing, or these for exercising

control. ‘table 1.5 lists a few applications of some small scale, integrated

circuits in typical systems for signal processing such as communications.
A wide variety of operational amplifiers and small scale integrated

circuits ars available for linear signal processing, such as amplification,

and fiitering of signals. These small signal integrated circuits operatienal

anplifiers may also be used for nonlinear applications, such &s modulation,

demodulation and waveform generation and shaping. However, some specialized

mits are also constructed for modulator/demodulator units for comstant

voltage regulation and for constant current regulation. In addition to

these linear devices and spacialized nonlinear devices, also there are
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Table 1.5: Typical App’.cations of Small Scale Integrated

Circuits in Signal Processing

Anplification (DC, Audio, Video)
Balance to un-balance ievel shife
Automatic tuning and grain control
Active network filtering (continucus)

Analog operations (integration, sumaing, ete.)

Impedance matching

Timer and synchronization functions

Digital filtering

Signal modulation and demodulation

11
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linear/nonlinear combinations which are used in circuits such as sample

and hold circuits A/D and L/A ccnverters, multiplier/dividers and similar
circuit types.

Digital IC devices also can be obtained in small scale IC form, but

xzay also range up to very large scale IC form: Examples of the snall

scale digital IC's are hex inverters and flip~flops, and examples of

large scale devices are shift registers, progr ble random acce

memories (RAM's) and read-only memories (ROM's). A comparison of the

major IC digital logic fanilies taken from a recent survey [Ref. 8] is

available for various circuit design implementations, is shown in

Table 1.6. Another table, Table 1.7, shows the availability of various

functional iypes and the respective families [Ref. 8]. Since the
referenced article was published in December 1970, many additional

functional types have become available, particularly in MOS and CMOS

circuit implementations.
In addition to the bipolar transistor type loglc familles, such as

the TTL, DTL, and ECL families, the MOS and CM0S structuwres are rapidly

becosing major building blocks in circuit design. This is because

important improvements have been made in reducing the area committed to
the huilding block device in these digital IC circuits and due to the
fact that many of the 0S type circuits zan be made wmuch more reliably
thun they were when they were initially introduced onto the market. The
advent of "self-registering™ MOSFET structures has enabled greater
fabrication simplicity. higher functional packing densities and ease of

circuit design for high speed operation [Ref. 9].
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Table 1.6:

Availability of fuactions for various IC fomilies {Ref. 8]
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The small scale integrated circuits and medium scale integrated
circufts are used in those applications where the designer wishes a high
functional packing density. For instance, with a small scale integrated
cirzuit, one can obtain geveral transistors on one chip which takes up
just a fraction of the volume of the sazme transistors packaged as discrete
devices. The mediunm scale integration of cperational amplifiers offers
the circuitr designer the possibility of aimost ideal black-box type circuit
design in which he can use the inherently high gain of the operational
amplifier in conrection with suitable feedback elerments to achieve whatever
gain characteristic is required in this cfrcuit application. In additien,
prepackaged mediun scale integrated circuit devices, such as modulators,
demoduiators, multiplier/dividers or logarithmitic amplifiers, can shrink
the required space iu a circuit and provide the circuit designer with a
nuch reduced design problem in that he does not have to design all of the
internals which go into making up such circuits, but has cnly to deal with
the input and output terminal characteristics, For these reasons it is
expected that the use cf small scale integrated circuits and medium scale
integrated circuits in circuit design will be very widespread and indeed,
has already beconme comzon in circuit desizn. Since the circuit designer
will be using devices of these types, it is imperative that a realistic
testing program test whether or not devices cf the various types of small
scale and mediun scale integrated circeits can withstand the pressure
requirecents for thefr application.

The saving grace in the face of the multiplicity of circuit functions
iz that all of these devices are based on a single technology, silicon
planar technology. Therefore, only representative samples of such devices

need be tested thoroughly and the behavior of these circuit functions under
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the applied pressure can be extrapolated to interpret or predict what
will happen with the other types of devices.

The rediun scale and small scale integrated circuits used in digital
logic circuits are used for a variery of functions, not only to perform
logic necessary to compute or perform various mathematical functions in
the digital logic circuits, but also in the design of go/no-go decision
making circuits which are useful in alarm and interlock. The large scale
integrated IC's will find vast application in information processing
computers, in nmemory and control manipulations within these cemputers.

In computers which are designed for use at atzospheric pressure, be
it land cr sea, the magnetic core has found an almost preemptive place

in the design of large voluze storage memories for coxputers. H er,

it turns out [Ref. 7) that the ferrite core is extremely sensitive to
stress and a great deai of trouble has b2en experienced in the past
vhenever these cores wire potted in such a manner as to butld in such
strains. If the potting material applies excessive stress to the core,
then unwanted effects sre found (Ref. 10]. If thig happen« vith the
strenses developed in wotting, it wiil aisuredly happen also with the
stresses due to hydros:atic pressure in an outboarded electronic systex.
Thercfore, 1t is highl: unlikely that ferrite memory cores will be used
to construct the memortes of outboarded computers in a pressure tolarant
electronic system. In contrast, planmar silicon IC's for memory are
expected o be insensi“ive to deep ocean pressures.

In addition to the competitive feature of integrated «ircuit zemory
components and system design, vis-fi~vis “errite cores, the imagination of
IC designers is providing a great many different functions for the use
of system designers in implementing their ideas. The nultiplicity of

available functions enrbles a more wnique design on the part of an individua;:
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designer, and will come to advantage when the unique characteristics
required of Navy systems forces the designer to cope with the requivred
design constraints. In addition to the multiplicity of functional types
available, an effort is bLeing made by many device manufacturers now to
provide compatibility among logic types. Notable in this direction is
the effort of soxe manufacturers to make MOS type logic circuits compatible
with bipolar TTL logic circuits so that a designer can intermix the two
types of circuits in his system design with a minimum amournt of interface
difficulty. For these reasons, it seems that in the future an increasing
use will be nmade of the many large scale integrated circuit functions

and medium scale integrated circuit functions for logic circuit design

of various systen types.

The large scale integrated circuits will be made and are made on
silicon chips, of planar geometry. However, it is not entirely safe to
extrapolate the results from testing of small scale or mediuw scale inte-
grated circuits to the testing of largze scale integrated circuits because
the chip area of the large scale integrated circuit is usually much larger.
This larger area will undoubtedly result in more voids fn the bond between
the semiconductor chip and the header upon which the chip 1s mounted.

Care cust be taken in the exanination of these devices, the LSI devices,
to assure that consistently the bonding technique used to bond the chip
to the substrate is such that the veids formed are wmuch less than those
likely to lead to extrexe deformaticn or cracking of the chip under a
high applicd pressure.

The above discussion leads to the following ratisnale about testing
devices which a.e representative of those most likely to be used in PIE

applications. Because of the marked simflarity of silicon planar device

17
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processing used for practically all types of devices now available, it is
necessary only to test representative d2vices, not test all devices.

Representative devices were selected for testing on the following
bases.

1. Snzll signal trausistors, both bipolar (apn or pap) and unipolar
(field effect) types wonuld be expected %o be sensitive to lonic contam-
inat:or. of their surfaces unless adequate design in fabricatfon has
forestalled such effects through the use of passivation, fiazld plates,
"channel stoppers” or rimilar techniques.

2, Silicon power transistors would be expected to be susceptible
to mechanical damage because of the reclatively large chip area which
prevides a greater possibiiity of voids i the chip to substrate bond.
in additisn, sowe experience with heat transfer characteristics of power
devices in pressurized oil was needed.

2.  Gerpanium devices lack the oxid:: psssivation uvsed on silicon
devices. These would be expected to be inmediately affected by any
fonic contamination in : pressurizing diejectric fluid. )

{. Medium scale sntegrated circuits have vrelatively large chips,
typicaliy 50 to 60 nils per side. There would be a greater possibility
than for smaller chips to encounter voids in the chip to subtstrate tend.
Linear iantegrated circuits such as operational amplifiers wculd include
a variety of componont types cn one chip such as resisters, capacitors,
dicdes and transistors. in addition, the input transistors operaste at
low siynal levels and would be expected tc show up any contaaination

effects which would be ouplified through to the output stages.

Tie devices tested ind types of test are presented in Tahle 1.8.
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Table 1.8:

Types of Devices Tested and Types of Tests

Device
Designatfon Functiocn Materfal Type Testing Type and Condition
204232 Power Silicen NPXN~Plane Pressure and contamfnation -
Decapped TO can
283740 Pover Silicon PNP-Plane Pressure and contamination -
Decapped TO can
2K14}12 Power Germanium PNP~Alloy Pressure and contanination ~
Decapped TO can
2581553 Power Germanium PNP~Alloy Pressure and contanination -
Decapped TO can
22227 5mall signal Silicon KPN~Flane Pressure and contamination -
Decapped TO can
2829074 Small eignal Silicon PNP~Plane Pressure and contanination -
Decapped TO can
229526 Snall signal Germaniua PNP~Alloy Pressure and ccataminacion ~
Decapped TO can
283796 S2all signal Silicon ¥OSFET Contawination -~ Decapped
X Channei TO can
3N157 Small signal Silicorn MOSFET Pressure and contamination -
P Channel Decapped T can
152 Small signal Silfcen MOSFET Pressure - Decapped ™ can
¥ Channel
N140 Small signal Silicon MOSFET Pressure ~ ‘ecapped T0 can
N Channel
M164 Small signal Silicon MOSFET Fressure - Decapped TO can
P Channel
285459 Scall signal Silicon JFET Pressure - Plastic package
N Channel
2N5462 Swall signal Siliecn JFET Pressure - Plastic package
P Channel
242434 Small signal Silicon NPN-Plane Pressure and contamination -
Recapped TO can
282483 Small Signal Silicon ¥PN-Plane Contamination - Lecapped
19 can
28706 Small signal Silicon NPN-Plane Contamination - Becapped
T0 can
282905 Small sigral Silicon PNP-Plane Pressure - Decapped TO can
293962 Small signal Silicon PNP-Plane Pressure - Decapped TO can
SN7473N Duail J-K Silicon Plane Pressure - Plastic package
Flip/Flop
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Table 1.8: Types of Devices Tested and Types of Tests (cont'?)

Davice
Desigaation Function Material Type Testing Type and Condition
e Iresuenc Silicon Plane - Pressur: - Pecore TS osge
Cozpensated 20 transis-
Cperational tors, 12 re-~
Amplifier sistors, 1
capacitor
T 73 Precisicn Silicon Plane - Pressure - Jevaznsd ™0 ean
Operational 20 transis~ Pressure - Ceramic pack nes
Azplifier tors, & diode~
connected
transistors,

11 resisters
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2.0 EFFECTS OF PRESSURE ON COMPONENT HOUSINGS AND PACKAGES

2.1 Introduction

Component housings typically present a large surface area over void

regions. Generally, the thickness of the material is sufficient to protect

against random blews in an atmespheric ambient, but not sufficient to

resist deformation under large hydrostatic pressures. Such deformation

g2y result in damage due to shorting of electrical circuits, catastrophic
collapse or stress amplification that leads to faflure of the component

internal to the package. These possihilities make it imperative to

analyze the deformations that will occur in typical component package

configurations and to determine the meximum allowable hydrosta%ic pregsure

for a given package type.

The well known methods of linear elastic theory are used in this
chapter for the analysis of the mechanical stress distributions which
result in cozponent packages when subjected to hydrostatic pressures.

The usual assucptions [Refs. 11, 12] uade in such an analysis sre employed

here, nazely that

1. the materials are perfectly elastic;

2. the materials are homogeneous and isotropic; and

3. superposition of stresses (or straims) is permissible.
Thege assumptions allow the use of relatively well develeped models to
deternine at what hydrostatic pressures the limiting value of elastic

etress is reached. This is the yield point stress. Beyond this stress,

permanent deformations cccur and the assumptions liated sbove are no longer

valid.

In many, if not most, cases the yicld point may be reached at some

point in one or more regions of a component housing without ncticeable

permanent deforwation occurring. Due to the fact that strain increases
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much more rapidly with stress beyond the yleld point for these materials
which yield and do not fracture, the overstressed (i.e., beyond yield
point) portions of these regions will no longer contribute as much load
bearing capabflity as before the yield threshold was reached. When a
significant fraction of material in a given region has been averstressed,
perzanent deformaticn becomes noticeable. Therefore, the yield point
stress represents a significant thresheld for permanent mechanicai defor-
wmation, The value of yleld point stiress, designated in this report sas sy,
is known for most metals and alloys used in component package construction.

For ceramic materials, there i{s a large disparity betwzen tensile
strength (generally low) and compressive strength (generally high). In
ceramic packages where pressure acts on a surface to provide a flexing
action (membrane stress), the flexural scrength of ceramic materials
i3 analogous to the yield point stress for metals. Flexural strength is
deternined from the breaking strength of a beam type sample of the material,
calculated as if the tensile and compressive stresses Increased linearly
from zeroc at the neutral axis to a maximum at the extreme ;ute;‘fibers.

Using the nethods of clasticity theory, briefly reviewed in Appendix 6.1,
the general problem faced %n our analysis is to determine the stress distri-
bution s(x,y,2) in model structures which resezble the coumponent packages
most generally used. These structures are composed of laminar slab
elerents. Acting cn these clements are the applied pressure, P, reaction
forces, R, and bending mozents, M, ae sketched in Figure 2.1 below.

The maximum stress developed at various points in the structure is
then set equal to the yield strength or flexural strength as appropriate

and the pressure, P, which produces this stress is determined. This is




Un.t{ovm Pressare

Figure 2.1: Forces and moments applied to laminar slab

converted to an equivalent depth of water and is used to indicate the
depth threshold beyond which permanent deformation or fracture can be
expected,
2.2 Mechanical Effects of Pressure on Packages Used for Semiconductor
Devices
Contemporary semiconductor devices are housed in a variety of packages.
Fortunately, the diversity in package types is not as great as the diversity
in device types. Figure 2.2 shows some of the package types used to house
discrete transistors. The TO cans are made cf metal, with a relatively
thin shell cover or cap. Some typical cap thicknesses are given in
Table 2,1. Table 2.2 lists typical construction material for caps. The
headers (bcttom cover) used may vary from relatively thin disks with a
thickness not much larger than that of the cap tc a relatively massive,
thick plate in the case of high dissipation devices, such as power transis~
tors, oower zener diodes and gate controlled rectifiers. Some typical
header types are shown in Figure 2.3. It shculd be noted that at least
two different materials are used in the construction of cach of these headers,

Sozme insulation, usually glass, is used to electrically insulate feedthrough
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Table 2.1:

Typical dimensions for some TO cans

Piazeter, in. Ihickness, in. Height, 1in.
Type (2R) t, (side) t; {top) h
TO-18 0.135 .00775 .0095 .190
T0- 5 0.328 0115 0140 .240
TO~-66 0.495 .018 .0195 .216
T0- 3 0.800 019 .0205 .185
T0-36 0.980 .026 0255 .07%

Table 2.2:

Typical cap and 1lip materials and elastic parameters

Flexural
Young's Modulus | Poisson Ratio | Yield Stress | strength
Material E (psi) v Sy (psi) sp (psi)
7 4
Kovar 2x 19 0.28 5x 10 -—
Nickel i x 107 0.28 2 x 10° -
Aluninuz 1x 107 0.33 2 x IOa -
Sealing Glass 1.5 % 107 0.25 - -
Alunina 7 &
{Alsimag 771) 4.3 x 10 0.22 - 4.4 x 16
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leads from the metal of the header. In the smaller transistor packages
where heat transfer is not a primary consideration, a large fraction of
the header naterial may be a glass, as shown by one of the examples ia
Figure 2.3.

The TO cans are used for hermetically sealing transistors to prevent
the contanination by water vapor and other materials which can interfere
with the operation or lead to failure of the transistor, and to provide a
known, stable ambient in which operating parameters of the transistor
can be specified within guaranteed limits. For those applications where
ambient conditions do not require such complete protection for the transistor,
the device may be covered with one or more polymeric plastic materials.
Typical materials are siliccne compounds or epoxies. The physical charzcter-
istics of these materials and methods of their application have been
discussed by Licari {Ref. 13}. Soze typical plastic transistor packages
are shown in Figure 2.4.

Aside fronm hermeticity, there is a significant difference between
the TO can type packagces and the plastic type packages. The TO can
packages have a significant fractfon of the enclosed voiume as a void
cccupied only by 2 gas. On the other hand, the plastic packages allow
intinate contact of the package material with the semiconducter element.
Thus, when a pressure is applied to a TO can, there is nothing in the
iaterior of the package to resist the pressure and the forces developed
on the surface of the can. If these forces are large enough, the can may
deform and eventually collapse. On the other hand, a pressure exerted
on the surface of an epoxy or a plastic package is transaitted through
the plastic directly to the chip. This pressure ay be in addition to a

pressure which already exists withia the plastic package due to such
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effects as the differences in thermal expansion coefficient between the

plastic and the semiconductor device h d within the plastic and

shrinkage during curing operations. Early studies [Refs. 14, 19 have

shown that very high scechanical strains may be obtained within a plastic
package due to the shrinkage of the plastic following its application at
high temperatures. Figure 2.5 shows a plot of stress versus temperature
for a plastic package [Ref. 14]. Not: that at rocm tesperature, about 25°C,
slightly under 4000 lbslin2 is developed by the epoxy package on the device
which is contained within it.

Integrated circuit packages coze in many varieties also. Figure 2.6
shows some typical examples. Among these are the TO can types, TO-99 and
T0-1G66, which are very similar te the T0-5 packages used for discrete
transistors, the flat packs and che dual in-line packages. The dual in-
line packages are pmade both with plastic nmaterials and with ceramic
nmaterials. As in the case of the discrete trensistors, the plastic dual
in-1ine packages allow the materizl of the packages to cozme in intimate
contact with a semiconductor device chip. In the case of the T0 can type
package, the flat pack package and the ceramic package, there is a void
inside the package which makes it susceptible to damage by sufficiently
high external pressures. For the plastic package; however, forces developed
on the outside of the package are transzitted directly through the plastic
to the sexmiconductor device caip.

As was the case with scme discrete transistor packages, many different
materials are used with each other in various integrated circuit packages.
Some of these materials combinations have been discussed by Bower in a review
of packaging cethods [Ref. 16]. The use of large scale integration in

circuits requiring auch larger area in chips has led to an increasing size
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of packages for these I1C's. Alxe the use of hybrid circuit techniques

in which varfous chips of varicus di ‘crent tunctions are combined and
interconnected in one pa kae. has led o farges size packages. Figure 2.7
shows some typical packanes » 1cht a5 igeC for 1351 and hybrid circuits.
These are characterized by r lative.s larce area volde within the package
and the use of lids whivh re relativcl. thin « mwrarcd to the dirensions
of the void. A descrintive surveyn ¢ «wvie cortonrorary LSI packages has
been given by SGcrupski R 17].

A convenient startine point it analyzinn the effects of pressure on
senicenductor packages wlith untain volds {= to use a simple modcl for
the lids of these pachagrs a~ to applv standard formulas (see Roark
{Ref. 12]). Figure 2.8 depiv 5 the structures which are to be used. In
the cagse of a circular disk w.ich is constrained at the edges (risid
sfde walls) the maximum stre s that is dovelop d is in the radiat direction
at the maxinum radial distand ., R. with the upper surface in tension dand
the lower surface {n comnrcss on. This naxinmem stress is related to the
dimensions .nd pressure as fo'lows:

By p (

\Hr)mx = 0,750 %

e
-
>

ir the casc of the reciangula~ car vanstrained 1t the edges, the maxiaum

stresy 1s d:veloped at the . ter o the long cdges and is given ny:

=§ () 7 {2.2)

The factor , in Eauactior (2 ) Jdepends upon the length to width vatio of

the rectanztlar surface, 1 d 1 table of the vslues of 8 as a function of
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this length to width ratio is given in Table 2.3. Using the simple formulas
and the relation between depth and pressure for water given by Equation (2.3)

below, one may obtain a rough idea of the maximum operating depth for

Table 2.3: Factor 8 agz a function of rectangular

cap length to width ratio a/b [Ref. 9}

1.0 1.2 1.4 1.6 1.8 2.0 ®

8 0.3078 | 0.3834 ] 0.4356 | 0.4680 | 0.4872 | 0.4974 | 0.500

various diameter to thickress ratios of disk type package tops, and
rectangular tcp package types. Assunming that the maximum allowabie stress
is the yield point for the naterial heing used for the tops, values are

calculated for typical dinmensions and are showr in Table 2.4.

h=2.25P (2.3)

Although the simple analysis indicates the main factors in the
deteranination of pressure resistance of the top areas of flat packs and
of TO cans, it does not include all of the factors which influence the
strength of these members, and a more thorough theoretical analysis is
required to offer some insight into how the packages actually respond
under cenditicns of external pressure, and also tc offer an insight into
how packages may be modificd to improve the package resistance. Such
an analysis for TO cans is given in detsil in Appendix 6.2. The results

of the analysis for TO cans are given in Table 2.5.
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Table 2.4: “axirum cperaticg depths for circular top packages and
rectangular top pavkages calculated ‘rca equations (2.1) and (2.2).

Material assusad as shown.

Circular Tep Packages

v B

H Maxizum Depth

Type R i t +  Haterial i (fe)
70-18 .093 .0035 . Kovar : 1560
T0- 5 .164 0140 | Rovar i 1090
T0-66 .250 -0195 Alupizun ! 366
T0- 3 .400 .0205 Aluminun 158
10-36 .4%0 i .0250 Aluvoinun 162
Rectangular Top Pickages

Maxiaum Depth
Type t ald Haterial (fr)
1.1 -
- .005 2.0 Kovar 500
4 8
141 005 1.0 K 290
Z X % . - ovar
% x % .010 1.0 Kovar 405

Table 2.5: Comparison of maximum operating depths for some common

TO can types with flaz tops and with hemispherical tops.

Maxisum Operating Depth (ft)

TO-Can
Tvpe Flat Top iiecnispherical Top
TC-18 843 7706
T0- 5 550 6500
T0-66 248 273¢
T0- 3 92.4 1670
T0-36 ila i870
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Two situatjons were modeled. In one, the top of the TO can was
assumed perfectly flat. In the other, the top of the can was assumed
to be s hemisphere with radius equal to that of the cylindrical wall.

The smooth transition provides far less stress amplification in the
package material. In actual cases the transitions from sides to top are
wore or less rcunded, giving 3 situarion intermediate between the two
extremes considered.

Deformation of the upper cap past the yield point of the material is
not desirable, but is not necessarily catastrophic in its effects on
device operation, since the czp is not in direct contact with the semi-
corductor device chip or the lead wires to the chip. It is the botton
cover (header) which is critical in these respects. Deformstion of the
header may develop stresses in the silicon chip that is bonded to its
surface, stresses which excead the fracture strength of the silicon. This
is particularly true vhen the bonding layer between the chip and the header
is capable of transzitting the strain of the upper surface of the header
to the lower surface of the chip. Assuning that this situation occurs,
we now examine the conditions under which the fracture strength of the
silicon chip will be exceeded. To simplify the analysis, the chip will
be assuned to have a circular geometry although in practice it is either
square or rectangular.

Two extremes can be modeled, as shown in Figure 2.9. In case 1,
thke circular disc header is supported around the edges by the cap, but
the edges are free to flex. In case 2, the circular disc header 4s effec-
tively clazped by tha cap at the edges which does not allow any edge
potion. Using both of these models, an analysis is made in detail in

Appendix 6.3. Using a model of a coined type (solid metal disc) TO-5

37




edge sepport

Ca~v 1t edpes supported. but not clanped.

I - i
/ Y4447

P

Case I: cdges clanmped.

Figur~ 2,9: Header under pressure

38




Kovar header, 60 mils thick, with a 10 mil thick silicon chip bonded to its

surface and the edges supported, but not clamped, the maximum allowable

stress will be developed in the silicon at a presstre of 5490 psi (about
12,000 foot depth). Using a model of a header with edges clamped and the
same material and dimensions, the maximum allowable stress in the silicon
is reached at a pressure of 13,900 psi. This is misleading, however,
since the maximum allovable stress in the Kovar will have been reached

at about 8900 psi. The calculation does serve to emphasize the reduction
in defor~at>.n of the center afforded by clamping the edges. Also given
in Appendix 6.3 is an analysis of a composite header of Kovar and glass,

a combination widely usea in both the T0-18 and TO-5 can styles. This
analysis indfcates that for a typical TO-5 header, the stress developed in
a 10 mil thick silicon chip by a pressure of 15,000 psi (33,700 foot depth)
will be only about one~half the maximum allowable stress.

Typical flat pack construction is shown in Figure 2.10. The relatively
thin 1ids used with these packages appear to be the most pressure sensitive
parts. These may be made of ecither metal or ceramic. In the latter case,
fracture is the most likely mode of faiiure. 4n analysis of typical flat
pack lids is given in Appendix 6.4. Table 2.6 below gives the result of

these calculations assuming Kovar (metal) lids.

Table 2.6: Maximum allowable operating pressures and depths

for some cozmmonly used flat pack styles

. L%d Lid P (psi) Maxinuz
Type a b i Thickness (in) | Material | max Depth (ft)
174" x 1/8" | .217 ) 107 .005 Kovar 218 490
174" x 174" | .180 [ . 180 .0035 Kovar 63 142
.005 Kovar 129 290
1/4" x 3/8" | .315 ! .200 .010 Kovar 268 604
3/8" x 3/8" | .300 | .300 .010 Xovar 180 405
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Another commoniy used semiconductor device package is the dual-in-
line packege (DIP). Some of these resemble the flat pack in the use of
a relatively thin metal 1id, as shown in Figure 2.11. Another style of
DIP, the ceramic DIP is typically comstructed as shown in Figure 2.12.
The macerial is usvally fairly thick, on the order of 50 mils, above a
fairly small cavity, typically 100 to 150 mils in width. Using the
gstructure sketched in Figure 2.12, and assuming that the material is
94 percent A1203 with a flexural strength of 44,000 psi, the maximum
allowable pressure fs, for a two o one length to width ratio, using formula

(2.2) and Table 2.4,

4 2
4 x 10 _(0.064
mx =~ 0.497 "(o.ns) 12,300 pst ,

or an equivalent depth of 27,500 feet. As in the case of the flat pack lids,
the maximum stress at this pressure is developed at the edge of the cavity
at the center of the long dicension.

All of the foregoing calculations have been mede on idealized models.
They provide an estimate of where the package type under cousideration
will be subjected to stresses in some part of the structure which are
above the elastic limit, leading to yielding-—~in the case of metals--ox
approaching fracture-—in the case of ceramics.
2.3 Passive Compenent Packages

Passive components (resistors, capacitors, inductors, relayc, etc.)
come in a great variety of package types. As with transistor packages,
the presence of voids causes trouble at sufficiently high pressures. Resistors

and capacitors iu molded plastic or vitreous encapsulants will gemerally be |
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Figure 2.11: Typical Dual-In-Line packages (DIP)
wade for vetal lids to cover chip cavities
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Figure 2.12:

Typical ceranmic flat pack
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able to transmit JEplied prewiure ditee v (o tke interral materials that
make up the elerent. Similur remarks supls re potted, opent frame chokes or
transfercers. Some discrete sempepents. Fowever, <uch as electrolytic
capacitors arc housed ir relatively thir wali rackages which contain voids,
and are thercfore ver: seeeepritle ro crucking undor pressure.

2.3.1 Analvste

Appendix ».% giveg ap analvae of the effects of pressure on the
eylindrical package cormenly uced for mAny cezporents.  As with 70 cans,
the regions of maxirun stress tor a giver pressure are at the edges where
curvature abruptly chenpes. 1kis surgests that reinforcement in these
regions or rounding would sive improved 5 cysure resistance.

A typical exazple, calculated in &;7p-ndix 6.5, is for an electrolytic
capacitor kousing, 1-7/7 fnches long > I/ inches in diareter made of Al
will develop a stress ecual 1o the yield tress i aluzinum at an equivalent
depth of 800 feet.

2.3.2 Experisent

Only a few linited experiments on passive coxponent packages were
perforned, to verifv previens worh by cther investigators [Ref. 4) which has
provided soze basis fer as=essing the protlems in these parkages. Although
extensive testing was dene by Andercon, Cidson and Razey [Ref. 4], they diad
not avalyze or corsent ¢n the data. The ¢niy package types in their investi~
gation vhich correspond to the proatotype tackage analyses given In Sectien
2.3.1 ware eylindrical Frusingr for electrolytic and soldd tantaium capa-
citors. These were usu~ily foung on frocely deforr and often they had
ruptured end seals. Thi: confires the oralveis of Sectfon 2.3.1 which
indicates that the /reat oot stress {r e package is developed at the

transition freo the thin reral cylindriea® rase to the thick end supports.
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2.3.5 Conclusions
Both cylinder and rectangular box type metal housings are very

vulnerable to deformation above several hundred psi. Wherever possible
these should be replaced by conformal encapsulants (void-free) or filled
with an inert liquid to 3llow pressure compensation.
2.4 Reinforcement or Redesign for Pressure Resistance

In those casec wherc devices must be kept from contact with the pressure
transmission fiufd and the existent housings are inadequate for the required
ovperating depth, either reinforcexent or a redesigned package must be used.

2.4.1 Analysis

As shawn previously in Section 2.2.1, for flat capped TO-type

cases, the largest stresses are developed at the periphery of the top where
the cylindrical side joins the flat top. Rounding of this shouvlder reduces
the stress level. A minimum occurs when the cylinder makes a smooth transi-
tion to a hemispherical deme. Similar stress level reductions could be
expected for gradual transitions on rectangular cross section packages.

Another reinforcement method is to increase the thickness of the material
used for the cap. For the curved surfaces, the stress is inversely propor-
ticnal to the thickness. For flat surfaces, the stress in inversely pro-
portional to the square of the thickness; assuming that in both cases the
added material has the same elastic properties as the original material.
When the added material has different elastic properties, a more detailed
lock must be taken at the relation of stress to applied pressure for a given
composite structure. An analysis for a composite disc has already been
performed in Appendix 6.3. The method can be adspted to gain some insight
into hcw thickening the top of 2 can with an additionzl) material will

improve pressure resistance.
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The rodel used s a circular disc o1 *wo different naterials with

parameters®
Haterlal 1 tiaterind 2
tetmg's acdulus e i
*
Petssen's ratio 1 2
Thi- knzss :l [ 98
<

Clamned at the edges 21d subjected to a sressure 2 on one side. The force
balance congition .* - 0 , ecquatfon (6.44) vields the position of the

neutral axis (zero strain) as equation (6.4S), repeated velow

2 2
2y = (Al: - b, )IZ(Atz + ll) (2.4)
where

A= Ez( - ‘:x)/al(l - \.2) .

Sotiny that the formula for maximum stres: at the edge of a clamped disc,

given br Roark [Ref. 107, pg. 217,

4 p2
Sarx "L Be (2.5)

ne.

{s ircependent of materqal parameters E ard v, the bending poment at the

edge can be calculated ty assuning s linerr strain variation

e = az-. (2.6)

Then, for the uniforz disc

. 2,
- 12 (Re0)T i zez e -‘%‘- . 2.7
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The same bending moment occurs for the composite disc of the same total

thickness and radius. Therefore

RZP % Ezuzz i "1"’0 Elaz2
e v, =+ T, 9 2.8
=(tmzg) &)

-This equation is solved to obtain the slope value a

= -3%2- (Eylz> + (e - 2% + E)l(e, + 2% - 2031}_1p. (2.9)
2.4.2 Experiment

Experiments were conducted to find a materfal that would strengthen
the housings of semiconductor devices. Several waxes vere tried but all
failed to add any strength to the housing. Armstrong A~12 epoxy was used
to coat two 2M526 transistors. The devices were housed in T0-5 cans. Due to
the epoxy having a tendency to run off the side of the can, it was difficult
to obtain a uniform coat. The coated transistors were placed in the pressure
chamber where 2 test was conducted, One of the housings failed at 1900 psi
and the other one at 4000 psi. Both housings were ait into halves to check
the uniforxity of the epoxy coating. The header thickness was found to be
adbout the same as the sidewalls. Failure had occurred due to buckling of
this thin header in both cases. A mold was fabricated from a 2" x 6" x 0.5"
piece of plexiglass. Three holes 7/16" deep and 3/8" desp were drilled into
the plexiglass and the wold was cut dewn the center of the three holes so that
the coated housings could be removed. These digensions ailowed molding of
a uniform one-sixteenth inch coating over all surfaces of th: TU-5 cans

housing the devices when tha cans were properly held (by the leads} in
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the mold cavity. The mold was placed in a vise and all three holes were
poured 3/4 full of epoxy and by use of 3 mechanical manipulator and a three
pin socket, three 2N!26 transistors were placed in Armstrong A~12 epoxy

and allowed to dry overnight. The setup for the wmolding is as shown in
Pigure 2.13. After drying at room teaperature overnight and then baking
for one hour at $9°C, the transistors were placed in the pressure chamber
and pressurized in steps of 500 psi. Two of these transistoxs faziled at
4500 psi, the third at 6000 psi. Previous tests had shown that the
unsupported housings failed at 1500 psi. Metal thickness was 12 to 14 mils,
sides, top and bottom. Therefore, the coating of 62 mils--a factor 4.5 to
5 increase in thickness--provided a factor of three to four increase in
pressure resistance. The calculated factor, based on the simple disc model

indicated a sixfold increase.

Figure 2.13: Mold and jig for potting transistors
for pressure reinforcement.
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In a further test, six GE transistors (2R526) designated 213, 256,
383, 234, 238 and 349 were potted using the setup as shown in Figure 2,13,
The 213, 256 and Sé3 units were potted with Shell's EPON(R) ADHESIVE 956.
The mixture was 100 parts of A and 58 parts of B (by weight, 10 parts A and
5.8 parts B). The units were cured overnight at room temperature and then
baked at 90°C for one hour. CELANESE EPI-RES 510 and EPI-CURE 841 were
used for 234, 238 and 347. The mixture was 100 parts of 510 and 22 parts
of 841 (10 grams - 510, 2.2 grams - 84), These were cured in the same
manner as the three previous transistors. The six transistors were mounted
on a circuit board and placed in the pressure chambers where pressure was
increased until failure. Figure 2.14 gives the results of the test.

The method of failure in all cases was a collapse of the metal can
on the top side. The epoxy on the top adhered strongly during the failure,
pulling a plug from top part of the epoxy shell, indicating a shear failure

of this myrerial.

Epon )
Coating)|

Epotuf
Coating

—) 3 1 —T 2 Fl
) L4 L3

0 1 2 3 4 5 [ 7 8 9 10
Pressure (thousand psi units)

de
4
-
-
-
'
o

Figure 2.14. Pressure range over which transistors in 70-5 cans potted
with epoxy resins functioned. Units failed in next 500 psi
increment after curved line.
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2.4.3 Conclusions
The use of reinforcement for some transistor packages offers a
nethod of qualifying some devices for coperation to moderate depths. The
increase in package strength depends upon the thickness and the mechanical
properties of the reinforcing material. The passibility of achieving
a four to five fold increase in strength has been demonstrated using
epoxy. Reinforcement by metallic materials could drastically improve
the operating depths.
It should be pointed outr that the use of such reinforcement dras-
tically alters the heat transfer properties of the package. Only
those devices which are iimited heat dissipators are iikely to be alter—-
able by reinforcement.
2.5 Composite Material Structures
The construction of semiconductor devices requires the use of
many different kinds of materials such as single crystal silicon, poly-
crystal metal elements and alloys, and amorphous glasses. Added to this
problem is one of “built-in" strains imduced during fabric;:io;‘ope:ations.
In general, the strain of the¢se materials, measured by their volume
deformaticn AV/V, under an applied hydrostatic pressure increment AP is

different. The compressibility, K, of a material is defined by

(2.10)

=

X
<l
o.de
%1%

and 1s related to the elastic modulus, E, and Peisson's ration, v, by

K= 3(1 - 2v)JE (2.11)
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To a good approximation in the range of pressures to 1000 atmospheres

(14,700 psi) relation (2.10) car be re-written as

%‘5 = KAP . (2.12)

Consider a structure c "

posed of a

dwich" of two different materials,

material 1 characterized by Kl, El, and vy and material 2 characterized
by Kz, Ez, and Ve Such a structure is sketched in Figure 2,15, _Let

the parameters oy aad a, represeat the respective linear thermal expansion

coefficients for the two materials.

Element of Area
\ dA R Kl’ El' vl‘ “1

Kps Ep» V30 0

Figure 2.15. Cecmporite material structure.

Suppose that the two materiais are subjected to atmospheric pressure,

but heated from temperature To to Tl. If the two materfals were not

joined, an element of area dA would change to
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P 2 . ~
dAi = {1+ uI\Tl TD)] dA = [1 4 2(:1(‘1'1 To)] dA
2 A=
dAi = {1+ az(Tl-To)] dA = [1 + Zuz(Tl—To)] dA

vhere terms in az have been neglected. The expansion ratio is

' "
dA} 1+ 20,(T) ro)

i 110 (2.13)
dAz 1+ Zuz(Tl-To)

When the two materials are jcined, however, and it is assumed that the
strains at the interface plane are equal, stresses are set up which tend
to deform the structure. A conspicuous example is the bimetallic strip.
When the thickness of one material is much greater than the other,
however, the expansion cf the thicker material tends to dominate., An
example is the growth of an oxide layer (Sioz) on silicon at about 1100°C,
a common step in semiconductor manufacture. Typically the 8102 layer
is o the order of 1 micrometer thick, whereas the $i may be 200 to 300
times as thick. When the layer is cooled back to room temperature, the
larger thermal expansion coefficient of the silicon result; iﬂ-g much
larger contraction for the Si than would be experienced by a "free"
SiOZ layer. However, the bonds at the interface transmit the larger
strain in the Si, resulting in a “bullt~in" compressive stress in the
SiOz. Experimentally, a value of 45,000 pei nas been measured in

S310, films grown at 1200°C [Ref. 18i.

2

Suppose that the structure is now subjected to a hydrostatic pressure

of 10C0 atmospheres. The bulk compressibility of Si and SiO2 are
. -6
kSi = 1.05 x 10 ~/atmosphere

-6 .
xSiOZ 2.75 x 10 ~/atmosphere.
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Analogous to the situation where the thick $i controlled the thin SiO2
layer, to a good approximation the strain in x and y direction {(c.f.,

Figure 2,15) are both equal to

1
e=3 K51P . (2.14)

From elasticity theory for the Sioz,

e=+g P+ Iy s (2.15)

where s is the stress developed in the Sio2 in the x-y plane due to the
difference in compressibilities for the Si and 8102. Substituting the

values for Sio2 for K, v and E gives
s = 6950 psi (tensile).

Using the principle of stress superposition, and assuming a "built-in"
compressive stress of 45,000 psi in the x-y plane due co the thermal

expansion difference, gives a net stress in the S.‘..O2 layer “of
s, = ~14,700 psi

s = v = (45,000 + 14,700) + 6950

or s = y z ~ 52,750 psi .

A similar analysis can be applied to the situation where a relatively
thin silicon chip (about 10 mils) is bonded to a relatively thick substrate
or header (about 60 to 100 mils). For a nickel header, KNi = 4,85 x 10-7/atm.
At an appiied hydrostatic stress of 1000 atm the difference in compressi-~

bility between the Si chip and the Ni base generates a tensile stress
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that reduces the x-y stress components in the Si to 680 atm, or 10,000 psi.

For a ceramic A1203 substrate, KMZ03

hydrostatic stress of 1000 atm, the difference in compressitility between

= 4.04 x 10" Jatn. an applied

the Si chip and the Alzo3 base, generates a tensile stress that reduces
the x-y stress components In the Si to 635 atm, or 9330 psi.

In the case of metallic conductors embedded in glass over the surface
of the chip, the thickness dimensions are comparable, making the gimpli-
fying assumptions used above inapplicable. Such a situation is shown
schematically in Figure 2.16. Since sharp corners may act as stress
concentrators, the region in the glass around the relatively sharp corners
of the Al strip may be considered critical points. To get an idea cf
what stress levels might be generated, consider the model sketched in
Figure 2.16. The region of glass around the conductor stripe is made
symaetrical in the model to facilitate calculation.

The effect of a hydrostatic stress on the model composite structure
can be calculated using a finite element model [Ref, 1i%). Taking advan-
tage of the symmetry only onc quadrant of the structure neéds to be
considered. This is sketched in Figure 2.17. This quadrant is sub-
divided intc 95 square elements and 2 triangular elements using 119
nodes. The boundary conditions are that for nodes 1 tarough 7 the
displacement in the "1" direction is zero; for the nodes 2long the "'1"
axis, displacement in the "2" direction is zero; and aicng the upper
and right side boundaries, a distributed force is applied which is
equivalent to 1000 atmospheres of pressure.

The problem was solved assuning a plane strain situation in the

directicn normal to the plane of the paper. A computer program, ELAS 73,

54




t
P

| Axis 2
8 m
4 3
. 6 un | 1
I | I 2
A RN e
NN x\-\\ MJS 5
sto, 1w
- S
/ Hodel
/
|
Hydrostatic Pressure \

l;i\ill
T [ S

e e e e - e o e e

LS ////

SiO

&X\\g\»k&k\x\
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contained in the Program Library of the Triangle Universities Computation
Center (TUCC) facility, was used. The TUCC facility, located in the
Research Triangle Park, N.C. employs an IBM 360 Model 145 computer. The
ELAS 75 prograwm, in H level Fortran IV language, has been adapted by
personnel in the Civil Engineering Department of Duke University from

a program developed at the Jet Propulsion Laboratory. The program allows
solution of one, two or three dixensional elasticity problems. Input

for the prcgram consists of the identification of nodes and their
coordinates, identification of elements, specification of boundary
conditions and material elastic properties.

Usiug the model of Figure 2.17, several different situations were
examined. These are tabulated in Table 2.7 along with the stress at
nodes lccated in botk the glass aad the metal at or near the cormer.

The inclusfon of a situation where the interisr materfal previded no
support ("spenge") was for the purpose of checking the reascnsbleness
of the answers. Molybdemu was chosen because it is sometimes used
(with a gold overlay) in making connector patternms. Also, it represents
a harder naterial, having a modulus of elasticity 4.7 times that of
alupinum. The "sponge” material was a fictitious material with an
elastic modulus 10 orders of magnitude smaller than that of giass.

An examination of the data of Table 2.7 reveals that aluainuz,
whick has an elastic modulus just slightlv larger than that of 5102,
will develop slightly higher stress levels near the cormer thap those
in the glass. The maxioux stress is about 28 percern higher than the
applied hydrostatic stress. Use of a harder material, nclydbdenum,
again results in higher stress levels in the metal than {n the glass,

with a maxioun of 2.13 times the applied hydrostatic stress. When the
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interior material yields readily, the stress amplification in the glass
i3 enormcus, becoming in one place over 20 times as large as the applied
hydrostatic stress.

Frem the calculations, it can be concluded that ths stresszs devel~
oped in composite glass/metal connector structures used in multilayer
integrated circuits will not present any major problems. As with other

cases looked at so far, this assumes that there are no voids in the

structure and neglects temperature effects during fabrication. The
data of Table 2.7 show that a void beneath 2 glass layer can lead to
considerable stress amplification in the glass.

Another composite material structure of practical interast is that
of plastic encapsulated devices. The usual construction is to bond the
device silicon chip to a metal substrate, waich is cne of. the package
connection Jeads in discrete device construction, or is a tab on the lead
frame used with integrated circuit structures. These two caseg are sketched
in Figure 2.18. Follcwing the chip bond and lead wire bonding from chip
to lead frare, the easembly is covered with plastic,-typrcally by a molding
operation {Ref. 13}. Ia this operation, pressures as high as 1000 pei
and temperctures as high as 350°F may be used [Ref. 13]}. With epexy,
pressures 2s high as 3000 to 5000 psi may be experienced by the internsls
of the package due to shrinkage with cooling [Ref. 14]. Silicone resins
orobably exert less residual pressure due to their much lower therwmal
expansion coefficiepts {Ref. 20]. When a hydrostatic pressure is sdded
to the existing "built-in" stress due to molding, the question arises
as to whether or not catastrophic or long terz failure mechanisms can

be fnitiared, and if so, at what level of applied pressure.




Table 2.7.

Stresses developed in a composite structure

under a hydrostatic stress of 1000 atzwspheres.

(For node locations, refer to Figure 2.17)

Material Material Node Sy (atm) S, (atm)
1 2 Nuzmber (cempressive) (compressive)

Glass 80 865 1045
(5102) 87 963 939
Aluninuz 86 1083 830

80 1200 1083

87 1277 1240

&6 1130 1160

Glass g0 534 1100
(5102) 87 1000 922
Molybdenuz 86 1220 500

80 1780 1230

8/ 2130 1860

86 1384 1393

Glass 80 8200 1915
(si9,) 87 9870 15700
"Sponge™ 86 1635 20300

80 ~0 ~0

§7 ~0 ~0

86 ~0 ~0
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Figure 2.188 Typical Integrated Circuit Plastic Package {Ref. 13]




Although thers {s a large amount of information on many of the physical
properties of various plastics {Ref. 20}, data on bulk modulus is not
included, It mav be estimated from the theoretical relation between the

elastic modulus, E, Poisson's ration, v, and bulk modulus, B {Ref. 11]
B e 1/K = E/3(1 - 2v). (2.16)

However, data on v is also lacking, and values of elastic modulus depend
upon the type of plustic, type of filler used and the degree of filling.
In addition, for some of the materials used the elastic medulus values
are not available.

Even the compressive strength, which is available for most encapsu-
lating plastics, is of doubtful value as a measure of the deformation under
pressure. This 18 because the method of measurement applies a uniaxial
stress rather than a hydrostatic stress.

The lack of data reduces any analysis to a quaiitative rather than a
quantitative basis. If the plastic material compresses more appreciably
than the silicon chip and the metal lead frawe material, shear stresses
=3y ba set up at the interfaces betwveen different materials. If the
plastic tends to adhere strongly to lead wires or the chip cetallizatfion,
the shrinkage under pressure pay be sufficient to pull off lead wires or
netallization.

Another type of fajlure. which has been found to be fairly comzen
{Ref. 6], especially ir large area chips such as those used in power
teansistors and silicon-controlled rectifiers, is the cracking of the
chip due to voids in the chip-to-substrate bond. A critical void size

can be estimated by assusing that the void is circular, of diameter 2a,
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and that the silicon chip, of thickness £, iz constrained by bonding at
the edges of the void so that effectively these edges are clacped.

Formula (Z.1) can then be applied and manipulated to the form

ast e (2.17)

Let a, denote the critical void radius for a given chip thicknzss, ¢,

subjected to a maximum pressure of

Prax ™ 14,709 psi = 1000 atm.
Since the meximum allowable stress in rllicon is
Spax = 3x 109 dynelcm2 - 2,96 x 103 atm,

the critical radius is related to the chip thickness by

a_ = 1.99t .
[

4 chip thickness of 10 mils requires s 40 nil diameter void benesth it
to develep the maximum allowsble stress at 1000 atmospheres. This is
larger than =ost small signal transistors, but power transistors zay be
as large as 150 to 250 mils square, and it is possible that large voids
ray be developed under such a large chip due to poor quality control
of the bonding step of the process.
.
In addizion, the scribe-and-break process used to separate chips

pr d simult :sly on a siiicon wafer can produce mechanicail damage

aleng the periphery. Crecks are com=on and accepted in the MIL-STD-883,

Method 2010, Intermal Visual (Precap) lnspection, specification if they
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meet certain criterfia. Figure 2.19 is a reproduction of Figure 2010-5
from Method 2010. Note that if a crack does not point toward an activ-e
area, it can be longer than 1 mil. Since a crack can act as a stress
concentrator, it is possible that an "acceptable" crack in conjunction
with a vold can propagate further into the chip under pressure. Further,
it 1s possible for cracks to occur in a chip within active arcas and not
be detectzble by conventional microscopic techniques, or the usual
acreening procedures of MIL-STD-883. Ordinarily, these hidden flavs
would not be harmful. Under applied pressure, however, there may be a
conjunction of one or more of these flaws and a bond void which can lead
to crack propagation and failure of the device. Therefore, specifying
a minioum void size--assuming that such specification can be carried

out by an inspection method--may not necessarily assure that no crack

propagation will cccur. This point needs further study.

Isolativa Region
1 l \l l - .
=11 - -
Accept-does not
Point Toward

Active Circuit or . Metallizstion
Hetallizatvion . __|

ACTIVE
CIRCULIT
Rej Poi i I
ect-Points a1
fovard N/
Hetallization >1 il P
Reject-Folats _| =iy >lafl ~— :ej:ct-Cnck Iotersects
Tovard Active o y o ctive Ares
Clreutt ( N Accept-Crack Does Not Pofant Toward
Accept-Crack Active Cfrcuit Area or Toward
Does Not Bonding Area
. Excced 1 =il
{n Length

Figure 2,19. Criteria of acceptance or rejection due to
perinheral cracks in a device chip
[Method 2010, MIL-STD-883, 1 May 1968]
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2.6 Summary

Some gsimpiified approaches have been presented for the analysis of
the effects of pressure on varifous types of component housings used for
transistors, integrated circuits and passive components. These analyses
enable some rough prediction of the maximum usable depth for these packages.
In addition, they provide 2 basis for extending the analysis to types of
packages which have not been explicitly treated. In addition, possible
methods have been discussed for package modification and reinforcemant
to improve pressure resistance.

A mathematical analysis for several cozposite material structures
indicates that no serious problems are expected in discrete or integrated
circuit structures operated up to 1000 atmospheres due to differences
in material compressibility parameters.

In the discussion of plastic packages which can transmit pressure
directly to the chip, it is pointed out that the existence of voids
in the chip~to-substrate bond wmay lead to cracking of the chip if
a certain size void is exceeded at a given pressure., More-importantly,
it is pointed our that cracks presently 2llowed in chip inspection methods
may be propagated under pressure. A similar conclusionr is reached for
flaws which may escape the usual precap visual inspection. Such problems
will obtain also for chips in direct contact with the pressure transmitting

fluid.

64




3.0 INFLUENCE OF FLUID/PRESSURE ENVIRONMENT ON EXPOSED DEVICE ELEMENTS
3.1 Introduction

In most cases it is not desirable to wodify a component package
sufficiently to achieve the desired pressure resistance. This may be due
to econonic factors or to operational factors such as heat transfer limi-
tation. An alternative is to open the package to allow free-flooding by
a pressure transmitting dielectric fluid. This introduces two environ-
mental problems which must be considered. First, there is the effect of
pressure on the operation of the device. In order to predict what might
occur, an understanding of the effects of stress and deformation on the
c;mponent materials nust be developed. Second, there is the effect of
ionic contamination on the operation of the device. The possibility
of such contamination cannot be overlooked. The seriousness of the
problem of ionic contamfnation of semiconductor devices is well docu-
mented. It has led to many improvements in methods of passivaticn in
recent years. In order to predict what levels of ifonic contamination
will hamper device operation, an understanding of the effects of such
contanination must be developed. This chapter deals with these two problea
areas for devices exposed to a fluid/pressure environment.

The effects of pressure cn seniconductor devices can be analyzed
by considering the effects of pressure on bulk material of one conduc-
tivity type (either p or n) and the effects of pressure on p-n junctions,
since these are the basic building blocks of prasent day semiconductor
devices from diodes to integrated circuits. Fortunately, a great deal
of prior work has been done on bulk and p-n junction effects which estab-
1iskes a basis for understanding how pressure can affect these devices.

Another circuit fabrication element, the cetal-insulator-semicenducter
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(MIS) or semiconductor-insulator-semiconductor (S.S) structure has not
been studied, sc predictions in this area cannot be made at pregent,
3.1.1 4nalysis of Pressure Effects on Semfconductor Devices

Assume the existence of a stress system, specified irn terms of normal
stresses Sl, 52 and 83 and shear stresses Sl‘. S5 and 56 with reference to
the cubic cell axes for the diamond type semicomductors silicon and
germanium, The notation used is discussed in Appendix 6.1. The effects
of these stresses on the resistivity of the semiconductor materisl csn be
specified by the plezoresistance coefficients LITORT and T4 {Ref, 21,
pp. 38-46]. The usuel Ohm's law relation between electric field strength

T and current densicy T, expressed in component form as

F) = e’
F2 " pon (3.1)

F3 = 9993

where o is the zero stress resistivity of the crystal, is modified to

I-']./;:o‘3 L Jlll + :nsl + trl:‘:(s2 + 53)]

+ 12”41055 + JaﬂaAss
I-‘zlg::‘> - Jl’-’;ksé + J2{1 + wnsz + 1112(51 + 53)] {3.2)
+ J3:“Sl.

Falog = 31%4Ss + 325445,

+ 33[2 + 1.-1153 + ::12(51 + sz)].
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In the case of uniform hydrostatic stress S, =S5, = 53 =Pand §, =S. =S, =0,

2 4 5 6

The equations (3.2) reduce to

Flloo J1(1 + in)

leoo - J2(1 + in) (3.3)
F3190 - 13(1 + in)

vhere

k1 = %

P 11 + 2%

12 (3.4)

is the "pressure coefficient." Under nydrostatic pressure in gives the
fractional fincrease in resistivity of the material.

Values of F310 T120 P44 and “p depend upon conductivity type. Table 3.1
gives values determined experimentally by Smith [Ref. 22]. The effect of
doping level on the value of the coefficients is shown in Figure 3.1 which
gives a plot of the "pq coefficients versus resistivity for boron doped
{p-type) silicon, taken from [Ref. 23]. The values are in units of 10-12
cmzldyne, which is equivalent to 6.9 x 10-8(psi)~1.

Tufte and Stelzer [Ref. 24} have measurad the piezorasistive properties
of diffused layers in silicon at surface concentrations ranging from moderately
doped material to very heavily doped material (1018 per cm3 to 1021 per cm3
ifopurity concentration at the surtace). They found that in p-type silicon
the pressure coefficient ’P was positive and was approximately 6.9 x 10—8(;:5:1.)-1
to 13.8 x 10-8(psi)'-1 over the range cf surface concentrations investigated.

Similarly the value of ﬂp for n type Si was arouad 13.8 x 10-8(;)51)—1 over

the range lnvestigated. This behavior is consistent with the data of
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Table 3.1. Value of 300°K Piezoresisrive Coefficients
(Cnits 10.8 per psi) for Germanium and Silicon Samples

of Various Resistivities. [Ref. 22}

Type, Material,
Registivity (ohm-cm) T Ty, L9 "
nGe 5.7 ~18.1 -26.9 ~944 - 60.7 i
n Ge 9.9 -32.4 -34.5 -950 - 89,7
n Ge 16.6 ~35.9 -37.9 ~956 -123.5
p Ge 1.1 -25.5 +22.1 +667 + 35,0
p Ge 15.0 +34.5 +680 + 13,1
n §4 11.7 =706 +369 -93.7 + 39.4
P Si 7.8 +45.5 - 7.6 4953 + 41.L

Figure 3.1 which shows that as resistivity decrcases (higher doping lew

the nmagnitudes of LT ang Y19 both decrease, Since they are of opposite

signs, the swa (ﬂll + 2312) decreases only slowly with decreasing rzzis:”

In view of this date arnd equations (3.3) the following conclusions
can be made. For silicen under hydrostatic pressure at 15,000 psi, the

fractional change in resistivity will range from about

Lo o 35x10*13.8x108 « o022

o

for heavily dored silicon to about

4 8

Lo x 40 x 1070 =« 0.6

* 1.5 x 10
0

68




130
110
90

- 70

<L

£ 50

o

.

o

S 3

‘s

T 2
g

ISy 1
0
-0.2
-0.4

M2

-0.6

] 1 1
16-3 102 107t N\
Resistivity (ohm-cm)
Figure 3.1. Variation of the piczoresistance coefficients

as a funcrion of resistivity for btoron doped
p-type Si ar 80°F [Ref. 23].

for iightly doped silicon. For lightly doped gersanium the resistivity
wiil decrease by 1 to 2% ar 15,000 psi.

When case disturtion or the presenze of veids .reates a stress situation
in the semicondu.ter device Hhtfh introduces non-hydrostatic stress, partizu~
larly shea' striss, ard at che sawe tice azplifies the stress level,
considerab.y lirger changes can be expectead in resistivity, as can be seen
by coaparing ..e shear stress coefficients L with the hydrostatic pressure

coefficient LN in Table 3.1. As long as stress can be kept hydrestatic,
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however, resistivity changes will rezain negligible up to 15,000 psi
{greater than 30,000 foot depth).

The effect of stress on p-n junction characteristics has been exazined
experimentally and theoretically by Wertman and his co-workers  Reis. i3,

26, 27). T%e junction current is given by the usual Shockley relatien

1= Is[exp(qvlkT) - 1}. {3.5)
However, the usual saturation current expression is nmodified to the fora
IS = Ipo y(cn) + Ino y(cp) (3.6)

whera Ino aad Ipo

factor Y7t} depends upon the type of strass (uniaxial or hydrostatic) and

are to zero stress caturatien current cozpenent<. The

the materisl. For germanium, hydrostatic presrure increases the energy
band gap between the [11l] conduction band nirima and the valennr band,
leading to a decrease in the minority carrier density with incressing
pressure. Silicon, however, has a different conductien band syrretry and
hydrostatic pressure decreases the energy band gap, leading to :r ircrease
in minority carrier density with increasing pressure. The values for
v{g) for germaniua and silicon are shown in Figures 3.2 and 3.2 respectively.
For ptrposes of illustration of the use of equatien (3.%) .r3 tre data
in Figureg 3.2 and 3.3 we assumez that a p-n junction is fabrication in a
(111) orientea wafer. For a given stress level, the largest effect occurs
for ;lhnifcrs strdss covering the total ares of the junction. Fcr a
uniaxial {111} strer< of 15,600 psi applied to a germanium p-n *inctiot wili
result in sbout 202 increase in the saturation current value. Ir coatrast,

a hydrostasric pressuce of the same level will pive a negligible change in
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saturation current. For silicon {111, s ress will give about 252 increase
in saturation current, with a negligible change for hydrostatic stress.

To summarize, both pilezoresistance and p~n junction effects of planar
silicon and germanium device structures under hydrostatic pressurc are
negligible to at least 15,000 psi. It must be exphasized that these
effects are negligible for hydrostatic stresses. For uniaxial stresses,
much larger charges in device parameters will occur. These could in zany
cases lzad to device failure in the sense that the device no longer
functions in the manner envisioned by the designer. Such a failure
pechanisa is in many ways core deleterious than outright catastrophic
failure because it nay lead to operaricnal malfunctions that are difficult
to pir down.

3.1.2 Experizental

The theoretfical analysis presented in Section 3.1.1 fndicated
that hydrostatic pressure to 1,000 atwospheres (15,000 psi) should have
no effect on the operational characteristics of planar passivated silicon
devices or germeniux devices. Pressure insensitivity was confirmed
experizentally by opening TQ cans to expose device chips directly to 10 cs
DC200* silicone oil pressured up to 15,000 psi. Both discrete (single
transistor) and integrated circuit devices were tested.

Germaniun alloy devices, not protected by 2 passivating oxide or
nitride layer as were the silicon devices, were found to be susceptible
to moiszture in the acbient air and to change characteristics when itmersed
in DC209. Pressure had no effect on =zost gercanium devices tested, but
there was a visible crack in the Ge chip of one Ge alloy power transistor

structyre. Another was sensitive to mechanical probing, indicating a

*
A Dow Corning product

73




similar problen. This was due most likely te differences in compressi-
bility of the marerials used in these structures. Figurc 3.4 shows a
sketch of a typical germanium alloy siructure and indicates the different
naterials used in the structure.

Silicen planar passivated devices were not affected by exposure to
laboratory axmesphers. In addition to devices in de-capped TO-cans some IC
devices housed in plastic and ceramic DIP packages were pressure tested,
Several devices were tested at the same time by nounting them on a stepping
switch in the chazber, as shown in Figure 3.5. The devices tested were:

1. Germanium alloy PNP power traasistors, types 281412

and 2H1553;

2. Germanjun alloy PNP small signal transistors, type 2N526;

3, Silicon planar power transistors, types IN3740 and 2N4232;

4 Silicon planar bipolar small signal transistors, types

2829077 (PNP, switch and amplifier) and 2N2222A (XPN,
switch and amplifier);
5.  Silicon planar MOSFET's, types 2N3976 (N-channel, audic
frequency ampl{fier) and M163 (P-channel, small signal
amp) 3

6.  IC operational amplifiers, type 741 with Internal frequency
conpensation, and type 777 with cexternal compensatfon (both
in TO caas and ceraalc Dl packages):

7. IC digital circuits, tvpe £:7473% {TTL) dual Jj-K flip-flops

The rea<on for choosing thrae tvpes to test are as follows:
1. Gersanium ailoy power transistors 281412 and 2N1553 are high

pover devices, 150 watt and 100 wate dissipation at 25°C case

ey
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3.

temperature, respective - tynical of cutput transistors
used fn power amplifier ‘csiym,
Germaniua alley transiscors 23326 are medium ~over amplifier
and Jo+ frequeacy switel devices which have been standardly
used In nany designs. 1These are available as a MIL-SPE JAN
type, althiough the units tiested were not JAW type. These ar¢
representative of low power Se allov devices.
Silicon planar power transistors 283740 (PNP) and 284232 (tps)
are medium power devices, 25 walts and 33 watts at 25°C case
temperalure, respeciivelr. representative of passivated planar
silicon pover transistor- used in power amplifier design.
Silicon olanar bipolar transistors types 2N2907A (PXP, switch
and swail signal amplifier) were chosen as representative of
passivatyd, planar, bipclar silicon transistors gsed in dfscrete
compenent circuit design of switching or small signal amplifiers.
Type 283376, N channel scpli gignal amplifier, was chosen
as reprosentative of silicon dioxide passivated, planar
YOS fiell effect transistees.
Trpe 741 Is a high performince oparaticnal aasplifier with
internal frequency compen<ation which is wid-ely used in
circuit lesign, beth for 1ialog operaticns and general
feedback applications such as signal amplifi-~ation and
active “+lters. Tvpe 7?7 equires external frequency
conpensat fon dut ie reprewcntative of “second generation
monolith « operationai anplifiers due to its low ofisat

and hias currents and velt.ces -nd lov nofise  Desizn
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features such as latch-up protection and short-circuit
protection make the device widely useful.

7. Type SN7473 is a dual J-K £1lip flop TIL (transistor-

transistor-logic) device. It has been routinely used in
circuit design for logic and digital signal processing
for several years. The circuit coanfiguration zmakes it
typical of a large nuwber of 7TL devices which have been
widely used.

For the bipolar devices, categories 1 through 4 above, the collector
chsracteristics were observed prior to breaking the hermetic seal, in
laboratory air after opening and during fmmersed opersztion in the pressure
chagher. For the MOSFET's the drain characteristics or the transfer
characteristics (In vs VGS) were monitored prior to bresking the hernetic
seal, in laboratory air after opening and during iommersed operaticm in the
pressure chamher. The offset voltage of the operationsl emplifier,
deterainad by connecting the device in a unity gain (100X negative feedback
mcde) was monitored for the three different conditicns.- It-was noted that
the offset voltage of the type 741 devices changed with & changing
ambient light lovel. This was no problem in the totally eaclosed
pressure chasber. This effect wa: not noted with the type 777 devices
but is common to many device tests and must be guarded against. In
sddition to offret voltage the pulse response and the ncise voltsge in
s unity gain noce were menitored cver the range atmospheric to 13,000 psi
pressure for the type 777 devices. These had a 33 pf ceramie feedbaclh:
capecitor for freguency compensation, giving a ncniral bandwidth of 1 MHz
for the unity gain =cde of operation. An 4P Hodel 400H rms VIVN was used

to menitor tie nolse voltage 2nd bas a nomipal bdandwidth of 10 Hz to 4MAz.

TR




A schematic diagram for the circuits used for op-amp testing Is sho-m zin
Figure 3.6. Figure 3.7 shows a typical pulse response whi:il was :ie szme
at atmospheric pressure up to 15,000 pst.

The type SN7473N plastic DIP J-K flip-flop was chosen as a reprecen-
tative TTL structure cf widespread utility. Although not aveilable in a
TO-can for decapping, the plastic packaging offered a chan.e to pressure
the chip. The test devices, dual J-K flip-flops, were connected as simple
scale-of-four dividers counting down clock pulses, as showr in the sshematic
of Figure 3.8. Minimun voltage of the clock pulse and of the J-K inputs
were checked at atmospheric pressure and monitored up to 15,000 psi.

Typical input-output waveforms are shown in Figure 3.9.

Table 3.2 presents the results of these pressure tests. The ger:maniunm
devices were found to be very sensitive to azbient conditions. The silicon
devices were found to be insensitive (except to temperature of the acbient,
of course) at least on a short-tern hasis. Only in one case, the 7L
digital IC's, was a correlation between pressure and behavior found, which
was slight (less tharn 1X change in enable voitage at the J-ﬁ—input termipala
over the range of 14.7 psi to 15,000 psi).

The results of these tests indicate that pressure effects per sz cn
both Ge and Si 3Jevices axe negligible. However, because of thefr lez: of
passivation th2 germanium devices ave very susceptible to aadiert wcaiiticrs
at their surfa::. In addition, tie evidence of mechunical damage to twe
of the Ge allor power devices tesced at high pressures indicates a cinsser
lock at the st -ictural design of these devices——bu: only 1if exteasiv: use

of these devices appears possible in future Navy operating systexms.
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Figure 3.7: Pulse response of type 777 IC op
amp at 15,000 PSI in unity gain mode.
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Figure 3.9: Input clock puise wave form ({lower)
and output wave forms from SR743N TTL
dual J-K £lip flop at 15,000 PSI.
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3.1.3 Conclusions
The experimental results presented in Section 3.1.2 confirm the
" theoretical analysis of Section 3.1.1. Pressure to 15,000 psi, per se,
does not hara planar silicon or germanium devices. Damage may occur on
noa~planar structures due to material comprassibility mis-matches. Direct
ixmersion of germanium devices in a pressure transmitting fluid generally
results in a change in operating charscteristic due .o factors discussed
below in Scctfon 3.3. However, this is a contamination effect, not a

pregsure effect.
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3.2 Passive Components in 2 Fluid/Pressure Environment
3.2.1 2Effects of Pressure
The application of pressure to electrical circuit passive components
zan be expected to influence the behavior in two ways: thrcugh changes in
dizension due to mechanical strain and through changes in material proper-

ties. An {llustration is afforded by considering the models sketched below.

£ Proutolype Resistor

P < D R= pli

Prototype Capacitor

- C-cAL

o Prototype Inductor
. L
L — A )’))}, : L g
O ) =
H—J

Figure 3.J0: Prototype models for passiva components
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The changes in parameter values duc to a pressure change AP can be written

as
w (58 dG/N .,
&R (A) ap AP + p IF LP (3.7)
LY 1 d(a/g)
ac \l)dPAP + = gE- 4P (3.8)
AL = (.N_zé)d_“ap + NZ_(!_(i/_i._)_AP (3.9)
t ’dp ¥ 3p . :

In each case, the first term represents a changs due to a change in material
electromagnetic properties with pressure and the second tern represents a
change due to a change in dimension with pressure.

The change in diwens{on can be expanded as

Lo -Ld_aa é[dA/dP _ di/dP} ) (3.10)

Tdp 248 T E|TA 1

The change in area with pressure can be expressed for a circular cross sec~

tion as
2
1dA _ 3 d(r™) _ 2mrdr gr/dp
AdP 2 4p Zap " 2T ¢ .11
ktd ®r

The fractionel changes in linear dimensions, (dr/dP)/r and (dt/dF)%, are

related to material bulk compressibility, K. by

das

ldr _ 1 .
TP Ta " -)~VI3. {3.12)
Therefcre,
L ) = - (3.13)
ar 3 ° *
88

»

”
ok B R R RavERta S Gekd oyt

Y h werh ST AVERL B RN At SAMRS X BB

Shrst G £ athal T 3T SO TV gy mOTE e 4 LM e

ey e, o atth;
L‘gggg ey AL bl 28 AN B EATR LA TS TR REIY




&
E

T e

g:

"y \x‘.

L}
Similarly,

K
d £1de/dp _ dA/dP A
aF e - I[_:."' - "—r] =3 (.10

These results show that the dimensional changes due to pressure tend to
decreagse capacitance and inductance ard increase resistance by an amount

proportional to the compressibility of the core material. An importsnt

exception is the case where foil electrodes may not be completely tightly

wound. In this case, the effect of pressure is to narrow the spacing and

thus increase the capacitance.

To obtain an idea of the order of magnitude of these affects, some
typical numericsl values can be considered. For steel, Kvl3 is approxi-
vately 1.5 x 10-8(psi)-1. At 15000 pei the change in inductance of a steel
core, due to dimensional changes only, would be about

AL 8

&y = 1.5 x 1078 x 15000 = 2.25 » 107
dizmensional

or sbout 0.22. For & resistor with a core material of graphite with a
resincus binder, a typical compressibility could be approximated by taking

that for a plastic material such as nylon, for which Kv/3 18 spproximately
1.2 x 10‘6(p91)-1. Using this, at 15000 psi

& * 1.2 x 207 x 1.5 x 10° = 1.8 x 1072
dimensional

or about 2%. A similar order of magnitude would be expected for capacitors

using 8 polymeric materfal such as mylar as a dielectric spacer. In electro-

lytic capacitors which rely on a thin oxide f£1lm as the dielectric, the
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relatively small compressibility of the film would be expected to contribute

a negligible change in capacitaace.

Changes in the electromagnetic parareters p, ¢, and u will occur with
pressure. A relatively large change in p occurs in carbon composition
resistors. The core material consists of a suspension of carbon particles
in a resinocus binder. Increasing pressure increases the effective contact
area of the carbon granules, decreasing the bulk resiztivity of ti: <ore.
Thix effect predominates over tha increase in resistance due to dizensionr:
changes to give an appreciable net dacrease of resistance with increasing
pressure, observed by many experizenters. For film type resistors, the
order of magnitude change of p w{.ir ? can be estimated by considering some

of the data of Bridgman, shevn sv Figure 3.11 below.
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Figure 3.11: Effect of pressure or resistivity of
several metallic elements

20

b
4
i3

O

et
R

rpaton il

ke

2
¥

i

APCRT BRLS

s

pgediadis

U

e

3

ARSI AN

Kie




P

Changes in ¢ with pressure have been studied for a Iinited agumber of
solids. Mayberg [Ref. 28} has studied the change in dielectric constact
with pressure for alkalai halides and MnO, all materials with cubic syrmatry.

Sore of his data is given below in Table 3.3, -

Table 3.2, Change of Dilelectric Constart, €ps with

Pressure P for Alkalai Halides and MnO. [Ref. 28}.

alue Y
Material Temp. {°C) Average, —-—-a?:-r-(até-‘)
Mno 30 0.32 x 1075 ) ’
LiF 28 - 29 0.45 » 107 ‘ ) -
NaCl 25 - 30 .99 x 107 '
Kcl 28 - 29 1,06 x 107
RBr 26 1.39 x 107

At 1000 atmospheres (roughly 15000 psi) the change in € is cn the order of
1% or less for these materials. Published data is sparse, or non-axistant,
for the sffect of pressure on €, for polymeric materials. Some insight 1s
offercd by considering the data cbtained fcz 1liquids and making su extrapo-
lation from this.

For non-polar liquids, the dielectric constast increzses slowly with
pressure. TFor n-pentane an incrzase in pressure from 1 atmosphere to
1000 atwospheres would give about 5% increase in. dielectric constant. TFor
polar liquids also the dielectric constant increaseg with pressure at low
frequencies, although for high frequencies (several hurdred Kilz) and for

high pressure (several thousand atmispheres), the dielectric constsat can
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eventuslly start to decrease with increasing pressure [Pef. 29]. It has
al;o been reportad that the vitrecus fzrn of phenolphthalein and pheno-
formzldehyde rssin erhibit a decrease ir dielectric constant with increasing
pressure [Ref. 29].

Ix. reviewing this behavicr, it appears that capaciters vhich use a
not-too~viscous liguid dielectric, such as the Impregnated paper capacitors
shown in Figure 3.12, wiil increase their czapacitance up to a few percent
at. 1000 atmospheres. fn the other hand, polymeric dielectrics of high
molecular complexity can be expected to exhibit a slight decrease in
capacitance to dielecfric changes.

Thekpermeability, ¥, of a magnetic =material depepds upon the magneti-
zation M {nduced by an applied magnetic fieid, H. The maximum vaiue of M,
the saturation ragnetization, Hs' and the curie temperature, Tc’ i.e., the
temperature at which Hs drops to zero, has been found to generally decrease
in Fe~N{ alloys, although the magritude of the decrease is dependent upon
the composition, as shown in Figure 3.13, taken from [Ref. 30}. It is well
known that application of a wagnetizing force to a ferromagunetic material
ez~ result in a mechanical strain 82/2. The magnitude and sign (+ or -)
of this magnetostrictive effect depend upon the relative orientation of the
nagnetization with the strain. This strain is equivalent to an external
stress applied to the paterial. A reciprocal relation also applies:
rechanical stress can influence the magnetizatfion. Thermodynanic

reasoning leads to a relation {Ref. 31}

3, 1 3t
G T & (3.15)
@’y n A
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Figure 3.13A: Rate of change of saturation magnetization, Ms‘ with

pressure as a function of composition in Ni-Fe alloys [Ref. 30]
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between the change in magnetization with stress, at constant field H, and
the change in strain with applied field at constant stress [Ref. 31]. Ap-
plication of a uniaxizl stress can have a marked eifect on the induced
magnetization for a given H field, as shovn in two examples in Figure 3.14
[Ref. 31]. These effects are attributable presumably to the existence of
a favorabie ragnetic orientation axis (due to ninimization >f the free
energy). Orientation of this axis with respect to the stress direction
deternines the direction cf shift of the magnetization versus field curve.
In one case shown, Permalloy with 68% Ni, applicaticn of a tensile force
shifts the MH vs. H curve so that a given value of HH is achieved with a
smaller field strength H. In the case of Ni{, a tensile force increasds

the vaiue of H required to achieve a given M,. In both cases thers is a
noticeable shift in saturation magnetization.

Application of hydrostatic pressure to & polycrystalline ferromagnetic
material would aot introduce a unique stress axis. Hence, the marked shift
of Hﬂ vs. H which occurs for uniaxial stress would not be expected to occur.
The relatively smzll shift in saturation magnetization with pressure of
Fe~Ni alloys, shown in Figure 3.13, supports this rsasoning. The largest
value is ~ 1 -~ 2% at 1000 atmosphexres. Based updn this, it is expected that
the change in permesbiiity of laminated steel cores used in chokues and
transformers will remain negiigible up to 15000 psi. Powdered cores, on
the other hand, may Increasc effective permeabiiity significantly due ta
deuser packing under pressure,

Another passive ¢lrcuit slement frequently used in slzctronic circuits
is the coaxisl cable, modeled in Figure 3.15. For this circuit elepant,

the inductance per uni! lensgth and capacitance per unit length ars given by
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8. Typical hysterescis locp of Permalloy with 687 Ni

with and without applied teasion.
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Figure 3.14: Effect of uniaxial stress on two differaent

ferrozagnctic materialg {Ref. 26)

96




dielectric, permittivity ¢

outer radius 1 S
) 1
R VSV S U S
- .__.__.......__._r..'.-'
incer radius r; \‘
= \,
| 98 1
I 2

k- unit length

s e s O BTN

Figure 3.15: Coaxial cable model.
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Since drn/dP < G, the inductance per unit lengthk would decrease with pres-
sure. The capacitance could either decrcase, increase. or recain relatively
constant, deperding on the relative sizes of the two terms in square brackets.

Propagation delay and characteristic ippedance, defined by

1 = fIC » vue see/m (3.20)
z = .173-:‘[-152- s (r /x,) (3.213
4z [ §

would aiso be only slightly affected at 1000 atuospheres. Taking as an
example a section of RG-S8A/U cable with polyethylenc dielectric, the
changes which could be expected at 1000 atmospheres can be calculated. For
polyetiviene, the lineur compressibility is about 0.011 per 1000 atmos-
pheres. Therefore, for 4P = 1000 atmospheres, 14,700 psi,

dro

1 =
r W &P = ~0.011 .

The value of r /r. ror RG-38A/Y is about 3.0, which gives

s _ 0.011

Dl = e

de
ac . o.011 , 1 %
S T NN o

The change in dielectric constant should be negligible at 1000 aimospheres.
Therefore, the inductance per unit length decreases by about 1 percent and

the capacitance per unit ilength increases by about 1 percent. Delay time

28

TREs UdYe




by
44

QA0 3

etk

o)
»

SRS

4 g SN

o v e ST T

I T
5 5 T B R AR s

T should be neglizibly affected, and the characterlstic impedance will dbe

decreased by about 1 percent.

3.2.2 Fluid Effecte

In those cases where component housings would crush at preasures

weil below those desiyed for operation, the housing must be pressure com-

pensated. Two types of problems can result--changes in operation due to the

presence of a fluid of higher dielectric constant, i.e., oil rather than air,

and changes due to contamination  Except for the air dielectric variadble

capacitor, the presence of a higher dielectric fluid will probably not

significently change the electrical operating characteristics of the im-

zersed circuits, Centamination, however, nust be carefully considered.

As shown in Figure 3.12, paper capacitors are constructzé with an im-

pregnating fiuid in the papar spzcing the petzl foil electrodes. The

impregnant may be a wax, ofl, or synthetic material such as chlorinated

naphthalene or chlorinated diphenyl {Raf. 32). If the case has an aperture

to allow free passage of the pressure transnission fluid-—say, for example,
silicone ofl--the effect of long term conmract of the eil with the capacitor
impregnant nust be known in order to assess the possibility of deleterious

reactions of the generation of coataminants which could be transported to

centanination sensitive components. A similar consideration applies to

aluninuan £oil electrolytic capacitors, which use an aqueous solution of

apmoniun Soraze, boric acid. and glycol, or similar electrolyte soluticns

[Ref. 32}. Typical construction of an aluminum foil electrolytic capacitor

1s shown in Figure 3.12 also.

Another type of electrolytic capacitor, the tantalunm type, is exten-

sively used in circuit construction. Typical constructior for the "wet”

types and for the solid electrolyte types of tantalum capacitors ig <hown
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in Figure 3.16. The "wet” types use sulfuric acid or aqueous lithium
chioride as the electrolyte because of the high conductivity required to
reduce series resistance [Ref. 32]. The minifature-type tantalun-pellet
capacitor is inherently pressure compersated 1f the electrolyte cempletely
fills the interjor of the case. The dual cell type shown could possibly be
compensated by haviug its cuter case punctured to allow ofl to fi11 the
voids around the interior capaciter cells, assuming that these are ccm~
pletely filled by liquid electrolyte. The solid electrelyte (Hnoz)
tantalur capacitor, %f of the construction shown, weuld require an interior
2iquid fi11 for pressure compensation. The liquid would have to be inert
to the electrolyte. Pure silicone oil would probably felffll this require-
rcent, but the presence of any polar liquid contaminant cculd change the
value of capacitance if transported through the oil and accumulated at the
capacitor. Experimentzl work on the effects of wvater, methanol, and
isopropyl alcohol on Mno2 solid electrolyte capacitors has shown that these
polar liquids can cause an increase of capacitance and cof leakage current
{ref. 33]. In this work the capacitors were uncased and immersed iz the
laquids. However, exposure to rona air at 50X R.H. also gave an increase
in capacitance of about 8% over a period of 30 ninutes. There may de

soze shifts due to water vapor in the oil.

Inzersed operation of transformers snd chokes in oil should intro-
duce no problems providing that the insulatfon materials are not soluble
or softened to the point where turns could be shorted under pressure.
3.2.3 Experiment
Paseive compenents have rot been tested so far in this investigation.

This was due to the fact that past work by other investigators had yiclded

a fair amount of data en passive corponents but z limited amcunt on semi-
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conducter davices. The most comprehensive passive component pressure

testing reported has been undertaken by Anderson, Gibsen and Pazey [Ref. 4].

These investigators used twenty component test sets taken in 1000 psi

PP NA
bt s s et S M T VB 18035 b s g

increzents to 10,000 psi and then back to atmospheric pressure. The
results of these tests can be sumcarized as follows:

1. Resistors:

a. Carbon composition resistors in molded cases showed a con-

sistent decrease of resistance, R, with pressure, although

occasional units exhibited an inciease in R before decreasing

QO biha A Fnd ¢ EE e anadbEh N 23N

at higher pressures. The decrease was uniforn with pressure

for many units. Other units decreased rapidly for the first

PICAIVEY

e

few thousand psi and then decreased at a lower rate to 10,000

PSS

psi. These in hermetically sealed cases showed little change

to 3,000 - 4,000 psi sand then abruptly decreased to about 0.9

the initial resistance,

N ek AFUREIIRS &

b. Film resistors, both carbon and metal, shewed lirtle ~r

IR

no change with pressure. letal oxide films showed somewhat

zore change, but less than 10% at 10,000 psi.
¢. Wirewound reslstors in molded cases showed scme change,
with occasional units exceeding 10%, buc less than 50%. One
uniz exceeded a 597 ch

Wirewound resistors in zetal cases
exhibited abrupt decreases tc 50%, apparently due to case
deformation onto the spool.

2. Cspacitors:

a. Ceranmic capacitors generally showed less than 103 change

(scme increased, some decreased In valuej although occasional

units exhitited a 10 - 50% change. A significant fraction (30 -

102
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352) of ceramic capacitors in phenolic cases had a greater than
502 change.
b. Paper-mylar and solid impregnated capacitor changed very
little (a few percent at most) with pressure, with one unit
excepted, which had a 10 to 50 change over the 10,000 psi
pressure interval.
c. Mica and glass-foll capacitors gemerally changed only a
few percent, although scme glass-type units had a change between
10 and 50 percent.
d. Aluninun foil eiectrolytic capacitors exhibited erratic
changes with pressure, with 10 to 50% variaticns typical., Metal
cases vere deformed and frequently found to be displaced fronm
the end seals.
e. Solid tantalum capacitors showed less than 10% change on one
batch, although generally the change was 10 to 50X, with several
greater than 502, and many of the metal cases were deforred and
had ruptured end seals.

3. Inductors:
a. R.F. chokes (air core) showed generally less than 10X change,
althcugh one unit varied 10 to 50% from its initial value,
b. Audio chokes (steel core) generally changed less tha; 102,
although in one batch four out of six exhibited a permanent
change of greater than 50%.

4. Transformers:
a. Of twenty R.F. transformers on ceramic forms, half showed
less than 102 change while half varied 10 to 50%.
b. Several batches of audio transforrers were tested. The open
frame type generally showed less than 10% change in transforma~

103




tion ratio with a few exceptions. Epoxy molded types usually

showed larger changes, 10 to 50%, with several units exhibiting
pernanent changes of greater than S50%.

3.2.4 Conclusions

The theoretical analysis of Scction 3.2.1 indicates that many materials

used for passive componcent construction exhibit lfttle change in parameter
values with pressure to 15,000 psi. This includes the wmaterials used in:
1. wirewound resistors

2. filn resistors

capacitor dielectric materials (except air)

lanminated ferroelectric cores for inductors and transformers.
Fabrication materials with appreciable void cenr-ent are likely to exhibit

large changes in parameter values with increasing applied pressure. These

include:

1. composizion resistor material
2. ferrites
3. powdered ccres.

For the first group of component materials, the use of molded or vitreous

encapsulants without voids, which are capable of transmitting stress

.irc tly to the internals should provide devices which are relatively

stregss ingensitive. The second group of materials nmust either be protected

from stress, or their change in parameter values nust be known and compen-

sated for in scae manner if they are to be used.

These cenclusions are generally sapported by the experimental evidence

cited in Section 3.2.3.
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3.3 Semiconductor Components Exposed to a Contanminated Fluid

Transistore and other semiconducter devices are housed in packages
to protect them from mechanical damage. 1In addition, however, many of
these devices must have a hermetic seal to prevent the accunulation on
or near the device of ionic contaminants and water vapor. From long
exparience, it has been fcund that such contamination can seriously inter-
fere and often lead to catastrophic failure of semiconductor devices. We
new exanine the problems which may occur when & cemiconductor device is
deliberately cxposed to a fluid under pressure which may possibly con-
tain ionic contaminants and water vapor.

3.3.1 Ionic and Water Vapor Contamination Effects on Pevices
It has been long known that ambient conditions have a marked
effect on transistor performance. Brown [Ref. 34] reported on the formation
of conducting “chanrnels" on the surface of the base region of grown junction
apn germanium transictors. This was attributed te the inversion of tne
conductivity typz of the surface of the base region from p-type to n-type
due to the presence of charges on the surface frem an unspecified source.

A subsequent study by Kingston [Ref. 35] reported the formatfon of
a-type channels on p~type base region of a grown junction germanium transistox
due to shsorbed water vapor. A review by Xingston [Ref. 36] of surface
phanozena on germanium, citing the work of many experimenters, revealed
that the type and density of induced charge carriers at the surface of
germaniuz 1s independent of the bulk resistivity of the germanium. The
type of charge carrier induced at the surface depends only upon the nature
of the aczbient. Table 3.4 shows the relation betwean various gas

azbients and surface conductivity type as given in [Ref. 26!, In
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Table 3.4: Surface conductivity type and surface potential

due to various gas ambients [Ref. 36)

Gas Surface conductivity tvpe and potential

H20 + Hz n type Vs positive
.0 + atr
Hz) + 02
N, (dry)
ir (dry)
o, (dry)
2%
03 P type Vs negative
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addition to these studicsrdirected towards a theoretical understanding of -
the effects, practical studies were made of the effects of various ambient
conditions on transistor reliability [Ref. 37]. Both 0, gas and water vapor
were found to have a large effect on the reverse saturation current, jumc- E
tion breakdown voltage, and the curremt gain of both npn and pnp alloy
juncetion germaniuvm transistors.

The effect of water vapor is pertinent to the present study. Water
vepor in contact with pnp alloy junction germanium transistors [Ref. 37).

was found to: (1) decrease collector base junction breakdown voltage, V,

B’
(2) decrease the reverse saturation current, IS, until a high vapor pressure
was reached; then IS increased rapidly; (3) increase the forward current
transfer ratio, o (and, therefore, 8, since 8 = i{f;). This effect of
water vapor was found to be sinilar to the effect of positive fons on
transistor surfaces, and essentially the same results were found for fresbly
etched surfaces on the structures as well as for units kept under bias in
oxygen for two weeks after etching.

Sensitivity to ambient conditions of germanium devices is understandable,

since under nermal conditions of surface preparation, these devices have

only a thin layer, 10 to 50 angstroms, of native oxide covering the bulk

gercaniun. This thin insulating layer allows ionic charges which accumu~

late on th~ ocuter surface of the oxide to exert stiong electrostatic k;
attraction on free charge carriers in the bulk. The effects of such attrac- ,;.
tive forces can be suzmarized by considering the diagrams in Figure 3.17. :f

Ideally, there is no disturbance of allowed and forbidden epergy levels 5;

as an lectron approaches the surface {X = 0 in the diagraws of Figure 3.17).

Figure 3.17A depicts this ideal sitmnation for an n-type semicondustor. On
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this diagram, we denote the edge of the conduction band by ECS’ wé denote

the uvpper edge of the valence band by E. denote the intrinsic Fermi

ys* ¥¢
level by EI’ This is the energy level for which the probability of elsctronm
occupation is exactly 1/2 in intrinsic material, that is, in not inten-
ticnally doped materiai. Because of the deliberate addition of donor-type
inpurities to make this codel material n-type, the Fermi level is now

poved upward to & position denoted by EF displaced by an amount AE from

the intrinsic Fermi level, E The energy difference between the Fermi

v
ievel, EF’ and the vacuum level-~that is, that energy at which an electron

is frec of the material but has zero kinetic energy--is called the work
function of the waterial and is here symbolized by Ws. The energy dif-
ference between the bottom of the conductinn band and the vacuum level is
denoted by £ and is cgiled the electron affinity of the materfal. Vertically
we plot a scale of eleciron erergy, and the herizontal scale represents

depth into the semiconductor bulk from the surface, which we will Senote

by x. This is the ideal situation. The density of free carrier electroas

in tha zonduction band is given by Equation 3.22 below:

B = ng exp (AE) . (3.22)

The density of heles {n the valence bank is given by Equation 3.23 below:

. axp (=AE)
p = a, exp (~AE} . {3.23})

In both of these equaticne, the energy difference, AE, is given by Equation 3.24

belcw:

LB = (By - Ei)/kT . (3,24)
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In Figure 3.17B, we depict = situaticn in which positive charge has somehow
accurulated cn the surface of the semiconductor. The-2ffect of this accunu-
lation is t6 attract freec electrons in thke Puik tuward rhe surface of the
gemiconductor and hold rhen thers by electrostatic attrsation. Now this
represents a dynamic situztior with electrons contipuslly comicg to and
leaving riiz surface, but there is always a net of electrons agﬁfacted te

the surface dus to the accumulated fixed positive charge on the suFfEce.

The eifect of the accumulation of electrans near the surface is ¢o dend

the aliownd energy bands as shown in the diagram. ‘’ste that the spacing
terveen the Fermi level, EY’ and the incrinsic Ffermi level, EI' Las now
increased to account f{sr the increase in concentration of electrons near

the surface, We Zencte the level of the distance inte the wster 1l over
wiich the energy bands are Zisturbed frox thelr ideal pesition shown in
Figure 3.174 by XA. it ig possible, with sufficient positive charge on the
surgace, to accunulute 8 large concentzativn of elechrons in thz germanfun
just uiderneath the surface, and whoa tais haguens, we c2ll it an accunu-~
latlon layer. 1in other words, an accumulation of carriers of the sape

tyre as vhe doping »f the hwil germaniem. Figure 3.17C shows another situa~
t.orr which aight okcur, In this situat'en, an accumulation of negative
er-rge sn the surfase »f tde sexicondugcror induczs a higher concentratian

¢¥ hoieg, or positive-charged carriers, from the semiconducter bulk. Thesze
holas ténd 30 dacrecsse eiectron concauitztien at the surface. If the nusber
of holes aftracted rwward the surface icn sufficieniiy large, the electren-
hole conceniTrilens may bz essentizlly balsnced. By defilaition, t™e surface

is intrinsic, and the separation detween £, and EI is zero, If sufficient

F

asgarive charge eccwnclzces adjacent o the gexiconduccor gurface, the
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conductivity type may be changed from n- to p~type, in which case the
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surface Is said to be "inverted."
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To suzmarize, charges which accumulate on the surface of a semicon- k

ductor may influence the electronic properties of the semiconductor surface.

R

o
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Charge of like sign as the majority carriers in the semiconductor will

ot A0

tend to repel these carriers and attract minority carriers. Charge of

Y

it

opposite sign to that of the majority carricrs will tend to cause an

e
RN

s
£

accumuiation of majority carriers near the surface.

A% i,

A4
Figure 3.18 shows the situation which cccurs for the energy levels of

a semiconductor vhen a real oxide layer is present on the semiconductor

surface. In this figure, the presence of the oxide Lkas introduced scme

energy states which serve to trap charge and to change the band structure

a% the surface of the semiconductor. In the situation shown here in

Jurdi2

Figure 3.1i8, we have an n-~type semiconductor with an oxide layer on it;

itods

the thickoess of the oxide layer is given by Xg and the disturbance of

2

g

th2 oxide layer and interfacing with the sexmiconductor has created some ;

énergy states which are shown a: rectangles on the diagram. The energy g;

- siates which are immed{azely at the interface between the oxide and the E
semiconductor, cnlored dark, are called fast surface states; and encrgy TV

- states which are located ian the bulk of the oxide or at the surface of gi
the sside adjscent tc the gas ambient are called slew surface states. iﬂ

The reason for these designations is that charges or charge carriers from

tie buik of the semiconductor zay rapidily come to equilibrium with the
interisce sistes or fast states so that a change in electrcstatic attrac-
3

tion at the surface of <he semiconductor can cause these states to coze

to equilibrium {o one microsczond or less. These states occur in a density

11 5
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of about loulca2 for gersaniun and of about 1012/cm2 for silicon [Ref. 38,

page 357]. Since these states lie at the interface [Ref. 38, page 348}, they

are { itive to ch

in the ambient conditions-~that 1s, the ambient

gas conditions--at the surface of the oxide. The slow states, which are
shown by the open rectangles on the diagram, take much longer to come to
equilibrius with carriers from the bulk. These states may require as long

as seconds or longer to come to equilibriuam,
states in tne oxide bulk or on the surface, which may possibly be adsorbed

species {Ref. 38, page 348]. The density of the slow states varies with the

way in which the oxide hzs been formed or the seniconductor, but the lower
lintt of chese states is equivalent to abouw 'u}alcﬂz [Ref. 3B, page 358].
If the oxide is thin, as is the case with a native oxide (formed at tempera-
tures of a few hundred degrees Kelvin at most) on germacium and silicon, the
presence of slow states caused by absorbed gaseous species v3n cause insta-
bilicies in device parawmeters as the ambient changes.

The situastion shown in Figure 3.18 shows the bands bending upward near
the surface of the seciconductor at the semiconductor-oxide interface.
This situation implies that there is an accumulation of negative charge
in the fast and in the slow states or a net accuczulation of negative charge
in these states which serves to attract holes toward the surface of the
sexmiconductor at the oxide-semiconductor interface; and in this stiuation,
we have shovn an inversion regifon between X and %,. In other words, the
fixed charge in the oxide and at the interface has accusulated sufficlent
holes to cozpletely invert the surface on n-type germanium to p-type. In
the depth in the semiconductor between xy and Xy the materisl graduslly
changes from intrinsic o u-type again, and in this regifon there is a lower

density of electrons, free charge carriers, than there 1s in the bulk of

113
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the n~type semiconductor eo tkis region is referred to as a depletion region.
The total region between Xy and x 4 is termed a space charge reglon, and into

the seniconductor beyond % the semiconductor behaves as it would ideally

with no disturbance on its surface. In other words, the semiconductor ex-

hibits its bulk properties.

The change in breakdown voltage, VB, of a p-n junction has been ex-
plained by Garrett and Brattain [Ref. 39} in terms of surface charge near

the p~n junction which alters tha electric field pattern in the juncticn

region near the surface. The model by these authors to explair the experi-

mental results they and others had obtsined is shown in Figure 3.19 in terms

of a p+-n Junction structure (p+- ceans a heavily doped p-type region).

In Figure 3.19A, a situation is shown in vhich positive charge has ac- %
cuzulated near the p-n junction; the positive charge nas accumulated »n the ‘%
surface of the semiconductor. Shown ahaded is the junction depletion region. Z
The accumulated positive charge is shown as + . Note that the accuzulation %
of positive charge at the junction serves to attract more electrons to the %
surface and the more lightly doped n-type material which causes 2 natrrowing g

T
2
of the junction depletion region near the surface. This narrowing can i

lead to a decrease in the breakdown voltage of VB' Formation of a deple~

-on region or an inversion region, as shown in Figure 3.198, due to the g

a2ccurulation of negative charg. on the surface near the junction widens

=
out the junction near the surface and results in an increase in VB tovards ?
the ideal bulk breakdown value.
The formation of s channel (inversion region), as shown in Figure 3.19C,
results in an increase in effective juaction area which can increase the §
reverse saturation current. This will be discussed in rore detail later. g
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Figure 3.19: Model of Garrert

used to explain the dependence of p+-
VB’ upon azbjient conditions,
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and Brattain [Ref. 39}

n junction breakdown voltage,
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: In addition tc pointing out the desirability of channel formation to :

increase VB, the analysis of [Ref. 39] also revealed that surrounding the
Juncticn by a material of high dielectric constant would help to incresse
g VB.

With the =dvent of silicon planar, diffused device cechnolcg;', the

el Sakhey
SRR EAE AR

possibility of using relatively thick layers of 5102, an amorphous, high E:

224y

quality insulator, became apparent. These could be grown on the device

o
R "v

3 surface in an oxidizing atmosphere at temperatures aear 1000°C during the

)
i

diffusion process. The ability of these "thermal" 510, layers to provide

L

%,

O RO

3 stable operatipg cheracteristics for silicon devices was reported by Atalls,
ot al [Ref. 40}. A range of thicknesses from thin (150~300 ;\) to thick

(4,000 A) was used. With surfaces protectsd in this manner, the silicon

Py

Y

devices were found to exhibit stable characteristics, at lzast on a short-

vy

term basis, when exposed to a variety of different amtient conditions such
as wet Bz gas, wat 02 gas, dry Rz and 02, armonia, and ozone, Junctions
with thin oxides (150~300 A) stored in room air in plagtic boxes for 15

sonths were reported to have showed no change in characteristics,,

s e A

A subsequent report by Atazlla and other co~woskers [Ref. 41]) clarified

the conditions under which stability could be expected. Although the

thersal 5102 provided very stable characteristics in a wet atmosphere

A

A

{3aseous smbient with water vapor present) for junctions without electrical

bias, or with forward bias, reverse-blased junctions were found to be af-
b fected as follows:

1. After application of reverse bias, the current incressed over a

PPy b

period of a few hours urtil it reached a saturaticm value deter~

zined by the relative humidity, applied voltage, and oxide .
thickness. '

i

y
SRR TR
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2. A channel (inversion layer) was generally formed on both sides
of the junction., Carrier generation in the space chsrge region
of the channels accounted for the increase of reverse saturation
current noted above.

3. The channels would be eradicated aad original junction charac-
teristics could be restored by removing the reverse bias in the
presence cf watexr vapor.

Atalla, et al., [Ref. 41] proposed that the cause of this behavior was
the ability of lons on the oxide surface, made mobile by the preserce of
water vapor, to be sorted out #u the elestric field fringing the junction
where it intersected the surface. Removal of the high field due to the
reverse bias allowed the ions to recombine. As would be expected oa the
basis of such a model. the thicker the oxide over the junction, the higher
the reverse bilas and relative hunidity required to obtain a given asatura-
tion current level.

Experimental confirmation of the Atalla model was obtained by Shockley
et al. [Ref. 42], whc used a Kelvin probe to measure the changes in poteatisl *
of an oxide surface csused by accumulated iorns on the surface. The change
in surface potential, Vs, due to the motion of fons on an oxide surface of
resistance Rs ohms per square, having a capacitance of Co farsds per squsre

zeter to the underlying semiconductor, was fcund to obey

v
—S..i_ _s a
3t R.C., ..2 (3.25)

vhere x is the dimension along the surface normal to the junction at x = 0.

The solutfon of this eguation is
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Vg = ’Joerfc(x/ ZJt/Rsco) (3.26)

subject to the boundary conditions that

Vs-vofor x <0

VS-O for x>0 at t=0

where ¥y is the potentiel at x = 6. This variation of surface poteatial
was found to be in good agreement with the experimental results, indicating
the validity of Atalla's model [Ref. 41].

In connection with this zodel, Scklegel et al [Ref. 43] have used a
special test structure to study the drift of ions across an oxicie surface
due to the presence of an electric field. They point out that Equation (3,25)
is derived on the assumption that the total density of ions is independent
of time and distance. By allowing for the case in which the total ion

dengity depends upon the surface potentiai, they obtain the equaticn

v, - -
35- - Rlc "zv +3 -—Q-Z-z 3.27)
%o ax? 3%

where u is the fon mobility (velocity per unit electric field) on the

surface. This equation has & solution of the form
2
V= vof(x /uvot). (3.28)

This solution predicts a build-up of potential (and hence surface charge)
in proportion to the square root of time~-as does solution (3.26) of Rgwation
(3.25). Using (3.27) and the test structure, these authors [Raf. 43} studied

surface ion motion ac a function of ambient conditions. They estimated
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the value for u as 10-12 to 10-11 wr/osec per volt/cm, Ambient hunidity was
found to be the most important varfiable influencing the motion. The motion
was also found to be stronmgly dependent upon past test history of the device.

For an exposed device fmmersed in a dielectric fluid which coatains
ions it is necessery to develop a quantitative estimate of the conditions
under which surface inversion layers may be formed which will interface
with proper device operation.

Consider first the electric fields present near the edge of a p-n
Junction where the junction intersects the surface. A reverse bias of
magnitude Va will be assumed across the p-n junction. With no iomns
present in the liquid surrounding the junction the electric field lipes
will be as sketched in Figure 3.20. The electric field lines extend from
the negative charge at other surface of the p-region to the corresponding
positive charges on the surfase of the n-region. If the potential of
the p-side is taken as zero, then the potential of the n-side is Vo + Va,

where Vo is the built-in potential across the p-n junction.

iiquid

Figure 3.20. Electric field lines at reverse biased p-n junction.
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The field lire configuration in the dielectric region (oxidec layer
plus air or dielectric fluid) above the semiconductor surface near the
p-n junction assuming no "free charge” in the oxide or at the oxide-
dielectric fluid interface, may be determined by rigorous means through

solution of Laplace's equation for the potential function $(x, y)

320 '2¢
__2+."__2 =0 (3.29)
Ix 2y

subject to the boundary conditions at the interfaces

2. 3
£ @) =ec = (o) (3.30)
Say X y=0 ox 9y - 1I o
e 2 (s, e, (0. ) (3.31)
ox 3y “'II £3y ‘i) .
)mw youf
ox cxX

where g = permittivity of silicon
€ox ~ permittivity of oxide .
€e = perzittivity of fluid above oxide
on = thickness of oxide layer

wnd

¢=0 (2.32)

on the p side of the junction, and

= V° + Va (3.33)

on the n side of the junction. The solution of (3.22) subject to these
boundary conditions can be lengthy. An alternate method is to use a

conformal transformation to gaim insight into the field line distribution.
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A model for such a transformation is sketched in Figure 3.21.
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The

coordinate system origin is taken as the midpoint of a symmetrically

doped p-n junction, with the depletion regicn extending from x = -a in

the p~region to x = +i in the n-regfon.

A standard conformal trans-

formation [Ref. 44] to the geometry shown fn 3.21A allews a simple solution

of Laplace's equation (3.29), which is subsequently transformed back

to the original coordinate system to obtain the equipotentials and field

line pattern shown in Figure 3.21B.

hyperbolas and the field lines as confocai ellipses.

rofat

N1

The equipotentials appear as confocal

z, plane z, plane
N I L2 )
P [ N 4
! + 1 \‘\ N / l/
22 ey - o~
-—c 2
() [ ]
2\ [ j'!fzz %) 1'/,,
x 1 ¥ x
{a) 1 -3 (b) +a 2

Figure 3.21.

Two-angle transformation.

The magnitude of the field strength can oe calculated from {Ref. 44]

1

+V

v
= d ‘o a
[El = |5

"

sin-l(z/a)

|

Thls treatment ignores the layered structure of the dielectric.

(3.34)

Consideration

of the boundary condition (3.31) indicates that the "vertical” (y) component

of fields in oxide and in the dielectric fluid are related inversely as

the permittivities of the two media.

are equal at the interface, of course.

boundary refracts the field lines.
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1f nobile ions are present in the liquid, the negative ions will be
attracted teward the n-side and positive ifons will be attracted toward
the p~side. This will eventually result in a positive charge layer
above the n-~side and a negative charge layer above the p-side as shown
in Figure 3.22. This ion accumulation has the effect of decreasing the
electric field in the liquid above the {on layers, and at the same time
increasing the electric field inside the oxide and at the semiconductor
surface. If the ion accuzulation is sufficiently large and/or the oxide

is sufficiently thin this increased oxide field can cause surface inversion.

positive ion negative ion
layer layer
“““ ey T T TN -
i ; i § i d
oxide
N ! i Y //;::::\, N 1 -
- T I~ - PRI A SRS A S \
Ny S 4
Nty 7
T2 n
DA vy +vV
NS L [ i
F A G SR S SO SO SO S ST %
\ R AL I S
' V=0

Figure 3.22. Accumulation of ions above the oxide.

The above picture has to be modified some if the liquid is in contact
with a large area ground plane suck as a metal housing. With the situation
shown in Figure 3.22, the bulk of the liquid is at some positive potential
with respect to the assumed zero of potential of the p-tvpe region. If

there is a large arez gound plane present in the iiquid the bulk of the




1iquid will be near zero potential and the 3teady state ion distribution
will be shown in Figure 3.23.* In this case only negative ions can accumu-
late above the n-type region which is at a positive potential. If tge
p-type region were at a negative potential and the n-type regicw were at
zero potential, positive ions would then accumulate above the p-type

region and no ions would be above the n-type region. Since these cascs

are symmetrical, only the case shown in Figure 3.23 nend e considered.

Vey \ large arae

. 2
grounst plane

Figure 3.23. Charge distribution with large area ground piaune.

In steady state the accumulated iocns above the n-region wiil tave s

surface charge density exactly balancing the charge per uanit aree within

*The potential of the bulk of the liquid may not be exactly at zero potencial
but will be close to zero. The bulk potential will depend on the xelative
areas of the ground plane and the area of the n-type region as well as the
oxide thickness. For a large area ground plane it should be very close to
zexo. In any case the assumption of zero potential leads te a worst case
analysis of the oxide field.
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the semiconductor. A stésdy state voltage zquaticr can be writtem asross

the 2race chavge layers and through the oxide which states

v = Va = vs + vox + Vg (3.3%

L] St

V. = potenzial across the n2gzfive ion iayer
in the iiquid .

vox = potential acress the oxide . .

VC

" potential acruss the semicouductor gpace

charge layer.
If sthe surface charge i3 not large enough to form an inversicn laver, the

vSl ters cai he written as

Voy =5 W, (3.36)

Hﬁ = denor doping level in semiconductor -

kd = width of space charge layer in semiconductor.

Loy et Js equal the charge per uniz area in cither the Ien layer or

the sexicooductor, the:

. [ (3.39)
qhnhd = s :
and i .
- :

51 298y (3.238)

S AZE ]

o
~
-~




The oxide potential i3

vox = on "ox ’ (3.39
or since
Sox on 2 0g s (3.40)
ch
vox e 0y T . (3.41)
ox

The remaining term VS 15 the potentisl diop across the liquid ion layer.

The fon iayer will be In equilibrium between drift and diffusion

effecta and

Rs = gurface lon concentration
(3.42)

= ¥ cqu,ET >
[+

where

No ~ bulk iecn concentration.

. The ion concentration will also decay approximately exponentially with

distance as

HoaN e-x/L
[+4

D, (3.43)

; vwhure LD is the Debye length given by

Iy = ; s (3.4%)
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Then from the above

cikT
og = qhgly = aig -—2:- s (3.45)
2 g
or 02
v oa D
Re = =7 - (3.46)
2
The surface potential is then
2
X [
LKD S kT s
Vs-q in ¥ ‘q &n TET R . (3.47)
o L o

Substitution of the expressions for the component voltages in terms

of the surface charge concentration €, gives

S
2 2
¢ ¥ g,
S ox . kT S .
V +V =< + s, ~— %= in (3.48)
[ a2 qND S e 1 cszNO

For a giver applied voitage and other parameters, the above equation

determines the surface charge g (in couloxb/unit area) present in the

fon layer.

The above expression is valid as long as the semiconductor contains

only & depletion laver. If Ig i suificiently large an inversion layer

will forn. When this occurs the above expression from V31 sust be modified.

When the inversion leyer forms, vsi remains fixed at approvimately {ts

value at the cnszt of inversfon. If this value is indicated by st" then

for surface faversion
vV rV sV 740, ~2 4y
© a i S
0%

<
>

s (3.49)
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for °S 3.051, vwhere °Si 1s the value of surface charge at the onget of

surface inversion.

An approximate condition for avoiding surface inversion can be obtained

fron the above equatioti. The tern VSi* is known £f the bulk dopiag is

known. In faee vSi* will be approxinately

equal tc Va. They are exactly
equal if the p-n Junction is symetrically doped (i.e., RD = NA). In any

case, they will differ at cost by a few tenths of a vnle.

Then to a good approximation at the oaset of inversion

- W
Va T %1 225 +V

. (3.50)
ox S

The Vs term depends on the fon concentration in the 1liquid, For lerge
fon concentratiopns this tera aporoaches zero. Thue if we require that
there be no surface inversion when this tern is neglected, surface inversion
can then not occur regardless of the 2iquid ion concentration. Then

neglecting the VS tern surface inversion will not occur providedzl

Ve
L N a-ox

x2 5 (3.51)

The surface charge required for inversion is a well known solid state
quantity and 13 given by

(3.52)

e ————— e
Y Tais equatfon assumes zero oxid,
value of Cgy in tl
the effective sur
increase or decre

e charge. If the oxide has a net charge, the
his equatfon shou)d be re;

placed by 03§ + 05, where Oge i3
face ytate and oxide char,

8¢ per unit area.” This wil} either
ase the required Hox depending on the sign of Ogge
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where N is the bul%: doping in the semiconductor. Then to prevent surface
inversion requires

:
i

=

€ 2
L2 0% —. | (3.5%
Va T o VGrD ¥ SSFT

LEEY

g A

A

M

This equation can be used for the oxide efther an n-type region or a
p-type region.

A graph of this relationship as a function of doping is shown in
Figure 3,24.

AL WAL W

o

As an example of the magnitude involved consider 1 2 cm

A

n~type silicon. This corresponds to a doping level of about 5 x lolslch.

From Figure 3.24 to prevent inversion requires that

u<'o=
®

2 0.2 y/fvolt .

Aluy (10_4 ca) oxide can then sustain a voltage of 5 velts before inver-
sion occurs.

With properly designed integrated circuits, the ions in the liquid

should net cause any problems with surface inversion. The reason for

this is that all properly designed integrated circuits will already be

. T A
SRR nmamzmmam&mﬂimnw&ﬁA 44

designed with oxides thick enough te prevent inversion. Because the

interconnections in integrated circuits are done by metals over the oxide

on the device gurface, the oxides in an 1€ must be thick enough so that

the maximum volrages applied to the metal interconnects will not cause

surface inversion. This requirezent on metal interconnects is the same

requirezment as that discussed above where the potentizl drop acrocs the

ion layer is negligible. Thus with properly designed IC's the oxide will
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automatically be thick enough to prevent surface inversion. This conclusion

applies to both bipolar and MOS IC's. With discrete devices this require~

ment {s not an inherenc design constraint. Consequently some discrete

devices zight show surface inversion problems with fons from the liauid.

In addition to the motion of ions on the surface of SiO2 layers,

wotion within the bulk oxide has been extensively studied. The development

of stable metal-oxide semiconductor field effect transistors (MOSFETS) has
been critically dependent upon methods for minimfzing and oreventing fcnic

charge motion in the oxide between the gate electrode and the semiconductor

region beneath the gate. The model for this effect is shown in Figure 3.25.

Positive fons, indicated by + are shown in Figure 3.25A distributed

through the bulk of an oxide layer betweer the metal gate 5 and a semi-

corductor channel region. If the concentration of fons is sufficiently

large, the surface of the semiconductor may be inverted, f.e., changed from

p-type te n-type. Some order of magnftude values of charge concentrations

for typical doping levels will be considered below. in Figure 3.25B a

negative bias fs shown applied between the gate and source electrodes

which cause drifct of the posfitive ions toward the gate in the electrostatic

field. Application of a positive bias, shewn fn Figure 3.25C, will cause 3

drift of jons toward the semiconductor surface. These, plus the applied

bias, create an inversion layer in the vicinity of the oxide-semiconductor

interface.

The charge motion in the oxide can cause a drift of the MOSFET operating

characteristics with time. Saow, Deal and their co~vorkers have studied

the phenozena of lon drift in detail [Ref. 45]. They psint out that alkalai

ions, particularly sodium, are the most likely contaminants involved in

such drift. Concentrations on the order of 1 part per million are sufficient
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Figure 3.25 A. Initial condition. No bias applied to MISFET.
Positive ions distributed in oxide bulk.

Figure 3,25 B,

Negative gate-to-source bias applied.
Pesitive fons attracted toward gate.
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Figure 3.25 C, Positive gate~to~source bfas applied. Positive ions

driver by field towerd semiconrductor gurface.
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to give significant drifc effects. They show that for a general distri-
bution of charge density p(x) per unit volume, as shown in Figure 3.26, the

charge per unit area induced in the gate metal ie

X x = Xo
Q. = f e(x)dx (3.54)
¢ Jo %o

and the charge per unit arca induced in the semjconductor at the surface is

o =f* Hoxrex (3.55)
o “e
where
' " L 2z - x -
Qg + G G . p(x)dx (3.56)

and QO is the total equivalent charge per unit area in the oxide.

To obtain an idea of the order of magnitude of the effeccts of such
an oxide charge, consider the following situation. The oxide thickness
under the gate is 6.1 ue (1000 A). Assume that the chzrge is uniformly
distributed in the oxide, f.e., o(x) = 04> a constant. Then, from (3.54)

and (3.55)

*e
Ydx = -oox012

- xq ¥
9 oo.fc ( %o

P,
0. = _;‘Q.fxo xdx = =paxal2

S ]
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Figure 3.26: Increments of charge induced in gate aetal
and in gsemiconductor due to an increment of
distributed charge in the cxide bulk [Ref. 45)
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and Qo = ~6o%, from equation (3.56). For an acceptor doping level of

2 x 1016 per cm” of the semiconductor, an induced semiconductor surface

2
charge of about 4 X 1011 e per ca~ (where e is the magnitude of the charge

of one electron) will be sufficient to make the surface intrinsic. This

; can be induced by an oxide charge of

:

E: o4 = 2e x & x ).0“/10”S = 8§ x 1016e per cm3.

o

%> The effect of the Aistributed charge is equivalent to a voltage impressed
ke on the gate of about

&

72 v '/c (3.57)

e v = 716 :

=

b where S is the capacitance per unit arca of the MOS structure. Since

;; the dielectric constant of 510, is about 4.0, the S value for the assumed
E oxide thickness of 1000 A is

p

o g

Nt

Co = 4:0 x 8.85 x 107°2%7107% « 3.56 x 1078 £/ea’.

P
i

WY

The equivalent voltage from equation (3.57) is

T
LA

4 x10M x 1.6 x 10710
AV = - o
3.56 x 10

=~ 1.8 volts .

This increment of potential acts in addition to any potential which is

applied to the gate by an external bias source. If the oxide charge kas

drifted to the metal-oxide Interface, the equivalent voltage shift is zero

L e AQRm R H AR

gince a matching charge is induced in the metal. On the other hand, drifting

-
2ot

eivied]
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of the oxide ions tc the vicinity of the semiceonductor interface can

cause an equivalent voltage shift of sbout
AV = 3.6 volts.

Therefore, the drifting back and forth of ions can cause shiffs ranging
from © to almost 4.0 volts in the gate tc source voltage characteristic.
In addition to sodium fons, it has been shown [Ref. 46] that protons
in the oxide can be drifted under the influence of an electric field.
Contaminating protons can he obtained from adsorbed organic vapors or
water vapor or from the reaction cf aluminum (frequently used for gate
metallization) and water vapor [Ref. 47)}. Hofstein [Ref. 46} gives a

diffusion coefficient of
De exp(-0.73/kT)cm2/sec (3.58)

, in a field of 2 x 10° volts/em. At 100° C this has
6

for protons in Si0

2
cm”/sec. In contrast, the diffusion constant

for sodiua in SiO2 at 100° C is about 3 x 10"12 cnzlsec (using data frem

the value of about 6 x 10~

McDonald {Ref. 48]). Thus, the motion of protons through Sioz is much
wore rapid than that of sodium ions.

Many of the experiments performed on sodium and proton contamination
of oxides have used high concentration sources of these ions delfberately
placed on the surface and then diffused into the oxide at relatively high
temperatures, typlcally 250 to 300° C [Ref. 46], or 200° C [Ref. 45].

Using the results of Snow et al [Ref. 45) and McDonald [Ref. 48], the

diffusien constant for sediums in SiO2 is

p = 10* exp(-1.39/kT) (3.59)
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and that for protons has been given above in equation (3.12). Regarding

the source at the surface as constant, the concentration at a distance x

into the oxide is given by {Ref. 49}
0(x) = ¢(o)erfc(x/2VDty . (3.60)

The extenr of diffusion from a surface source will depend upon the con-

taminant concentration at the surface v{(o), the temperature--through its

effect on D--and the time, t, over which the diffusion has occurred.
Several different materials have been tricd as barriers to ionic

(particularly sodium) transport in Si02. among the glassy layers,

phosphosilicate glass (FSG) {Ref. 50] has bcen cffective as a barrier and
as a "getter" to immobilize sodium jons but is subject to polarization

effecis which may affect device stability. A more satisfactory material

is silicon nitride (Si3x4). Lavers of Si3NA thicker than 200 A are

effective in inhibiting proton motion [Ref. 47]. A layer 1000 A thiceh
(0.1 ym) over SiO2 has been found to reduce the amount of sodium reaching

the SiOz-Si interface by a factor of 1000 [Ref. 51}. Application of this

protection has been eifective in preventing degradation of current gain
in bipolar transistor structures [Ref. 48] and has been applied to high
volume production of npn transistors by the Western Electric Company

[Ref. 52). For several vears unitride passivated integrated circuits have

been produced and used bv the Bell system and others.
Although nitride passivation has prov-d ¢ff{ective in praventing device
instability due to fonic drift in the passivaticn laver over the device, it

cannot cure the problem of drift due to th» accumvlation of 1 charge laver

on the surface of the device In birolar levices [Ref. 48], an accumulation

Bé
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of surface charge on the order of 5 x ¢0L1 per c¢m  can drastically reduce
the current gain, at iow collector current ievels, cf npn transistcrs.

12 per cnz) are requived to degrace

Much higher concentrations (about 9 x 10
pnp current gain due to inversion of the emitter region surface. W%hen
considering performance degradation due to increuased leakage current in the
coilector base junction, however, pnp transigtors are much more susceptible -
than npn transistors to surface ionic accumulaticns. This is particularly
true when the induced channel region spreads to vwhere surface defecte can
be encountered. At these defects there is a much higher carrier generation-
recombination rate, leading to a .apid increase in leakage current [Ref. 53].
The standard method for preveantring this is to diffuse 2 riug of nighly
doped material around the perivhery of the chip to prevent the channei from
extending fo the highly disturbed scribe lines at the edge of the chip
[Refs. 57, 53i. Another method is fo use an additional metal ring (“"Equi-
poteatial rinz"} to overlap the junctiop region to prevent inversion layers
frem forming {Ref. 48},

In addition to electrostatic efiwcta, electrochemical effects occur
on senafconductor surfeces, which may result in device degradation and
eventual failure [Ref. 54]. Aluzinem, widely used for zetallization of
transistors and integrated circults, will react with water an tho pregence

of trace quantities of ions of chlorime, ammonium, copper and iron, amonyg

others. The reaction will continue as long as water is available and may 3

gventuslly lead to an open circuit. Built-in potential differences due to

couples of dissinilar metals or p-n juactions can locally enhance thie

corrosion. Gold, another cozmonly used conductos, is susceptible to gradual

dissolution by water when chloride ions are present.
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Frotaction agaimst such corrosice can bo obtained by «oating the device

sith a polymeric melscvr- “arrier. Siiicone resins nave been found effective

for this purposs fRef. 53). anot2er methed is t@ use a glass frit suspeaded

a0 a3 volatile Iiquid, Aapplicacion o! heat ot & few bundred degress centigrade

‘evaporates the liguid and fuses ithe frit te furm 2 glass epveloge nver the

sircuic. 1If the glass layer is too thic.. therma; stresses promote cracking.

One Investigation haz rew orted that 27te 2.5 m!crnnéters wiil provide

sa.xsfaccory protectiva without crackihg [Tef. 56}, Shese coverings, along”

H::h’;he increasing usié of S 3 % passivetion signal =fforts by thz senmi-~

“Oﬁdﬂ’!ﬁ :Zadustry to provide hzraeti ity at the chip level. in order to

cbuiste the neeg for herssaicslly seiled-packages. These zre expensivé

a6d the iCdueizy vuuld prefer to ropiace thea wita plastic encapsulation

wherever possible.

in summ«ry, past experisase with ic¢ric cooluminatich of semicds cnductor

devices has shown that such c3nta=ination can significan:ly’hffcct Zhe

cparation of these devices by changing paraperers such gs leakaze curremts,
translator Curxyent gain and p~e juaciion breandown oltagzi or by co.roding

metzliization. JIa Teweit years there has been an increasing e£fort by tha

eofdmiutietor industep--urged and fimanced in iarge measurz by POD~-ta

¥

svide more et ective protection agatnst such centepination et the chip

-lavel., At present, bowsver, few devh aces 1re available uith such protection.

Tonsaquently, £t is highiy probebia rhat nost -senicondurtar davices usec

b5y a. svsten éaslgh eugineer tor putboarded olerrroniz syétens for the next

L

fer years at lcast will still be susceprible to foric cuntaminatics of the

chip,” If aubscquest analysis and tast prograns indicate thed there wijl

b donic cotaminants present, thrie will be a need to fdentify a saitalle

s}vstin matsrial which could be routineiy applied to chins ear-narked
¥ ap! k;
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At presefit the most likely candidate is
& coaformal polymeric ccating, applied and cured at temperatures too 1ot
to degrade the properties of the semiconductor device. 7

3.3.2 Experimental

Vhen opening TC-cans containing germanium alloy transistors,

efther high power typsa or sumall stgnal types, it wez noted thst erposure

et R e e oAl s vt

to iaboratory atmosphere caused ax immedlste shift of:collector I~V ctar-

acterisiic curves. Generaily leaiage curx'i;m: was incréased and the slope

of the curves increased. This ie illusttated i Figure:3 27 which shows

the change in characteristic zuzves for a 281412 (Ge alloy; PHP, L‘G watt

rating, mavufactured by Motorola). Iaéersion in ZC 200 in the pressure

chamber restored tue original cutve shapes to a large exteat initially,

as shown in Figure 3.28. Also shown in Figvre 3.Z%2 are-the consequent

B e N VE R L

shifts whan the dovice was pressured tc 3000 and to 6000 psi. The last

change was sbrupt 2nd the curves remained with this shape when ths pressure

was reduced to one atmosphere. The device was apps-2ntly mechanically damaged,

evidenced by sensitivity to probing arornd tke pc!i-pher_y of 7the»base.

PUTEYLITR RS

ja

Smzll signal Ge alloy transistors, type 28526, were slso foumnd 2o

change characteristics when exposed to-laboratory stmogphere or Wrs'ed

in DC 200 fcr s shert time. In one case, 2 coating of room tu;ératu:e

x .
vuizanizing silicone rubber, RIV 3144 was used to coat & 27536 trimsistor

PRVTTITITIRANFN LA

1

chip immediately after the cap was removed. Thie wes cursed overnight at

werts

toom temperature.

oy

The transistor was tested to 24000 psi snd found to

keep the original collector I-V curve shape. This coafirmed the theorztical -

prediction that pressure, per se, up te 1000 atmospheres would not signifi-

H
%
b
5
&
3

cantly influence device operation. It also indicated that aan effsctive

passivant vould allow cperation to deepest ocean pressures.

FYRPROPNN

*
dow Corning product.
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A. Collector I-V curves at
R - room tesperature prior
to opening of package
(10-36)

£

3, Cellector I~V characteristice
at room temperature after
‘package has bsen cpised
.and device oxgosed to
laboratery e:iosphere.

Figure 3.27: Ssllectos I-V curves for 241412 PNA_ Ge

alloy power tuansistor
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Figure 3.28:

A.

B.

In DC 200 in pressure
chanber at 1 atmospheze

At 3000 psi.

At 1 atmosphere after

pressuring to 6000 psi
where curves abruptly

changed to shape shown
at left.

Ge Alloy Transistor (281412) 1n silicone oil

under various prassures.
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Siiicon transistors, both power and small signal, bipolsr and MOSFET )

showed no significant change in operating characteristics when exposed to

SRt it
5 R AL R AR TR

VI

laboratory atmosphere or DC 200, Even when an attempt was made to contam-

inate DC 200 with aqueous NaCl solution--of the same chloride fon coacen-

tration as sea water--no changes were noted. It should be pointed out

that these were short tern tests, seversl days at most.

T W RN

Very dilute solutions of NaCl, 150 ppm salt concentration, in distilled,

T

denineralized water were applied directly to the silicon chips of small

\od

signal, 1~ noise transistors, Falrchild types ZN2483 and 2484, Typically, . :

the base-emitter forward bias curves were recorded before the hermetic

T SO

seal was broken, immediately after opening in laboratory atmosphere.

M atv m S bkt

zfter the dilute salt solution was applied and dried in room temperature
air, and after the zalt residue was thoroughly rinsed sway by distilled,
demineralized water (ddﬂzo) and the unit dried in air or aitrogen.

Figurc 3.29 shews the result of one series of tests. The low level :

R W NIRRT 7 Y VYA

emitter-base current i3 increased by a factor of sbout 200 by exposure
to laboratory air. Not much improvement was gained in 3 humidifier.
Another 200 fold increase is obtained due to the salt solution residue

on the device. That this is a surface effect is evidenced by the restora- :

TR

tion of "original” in air behavior following a ddHZO ringe and drying in }

nitzogen. :
;; An effort to repeat the process oa the same unit was pot successful :
:?.:5 because of an cpen circuit which developed when the Al lead wire from one “
t of the posts in the header to the emitter metallfzation parted nesr the ,
5 post. Althcugh this night be attributed to mechanical failure due to . j
Z rinse water impingi{ng on the wire, it was probubly enhanced by chlorine :
3 corrosion of the aluminum. Fvidence for this was secured with two other -
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Filgure 3.29
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282483 devices which were deliberately contamintated with "as is" seawater
followed by an aceronie rinse or a ddi,0 rinse. In both cases, a lead

opened up. In one of these devices. the progress of the deterioration

could be followed. Curves for this device, 2N2433-25, are shown in

Figure 3.30. 1t had previously been contaminated with 150 ppm salt solution

and rinsed in acetone, to avofd complete removal of the salt. The series
of curves was xaken with electrical bias upplied only during the time

takesn to plot the curve, about 30 scconds. The aluminum wire base lead

had parted and the aluminunm metallization appecared to be severely attacked.
Although the use of undiluted seawater is unrealistic from the poinc

of view of o0il immersed operation, the rapidity of the failure points

out the problem that may result from lonz tera expcsure to much lower

levels of contanfnants. First, there can be an electrical effect on

device parameters, particularly in low level signal processing, and

secondly, there can be corrosive attack on the devices if the oil becomes

contaninated.

A long tern immersion test was initiated using soze devices which had
been previously opened and pressure tested as well as some which had not.
Iight MOSFET devices, tabulated belovw in Table 3.5, were decapped and
smersed on 4/10/72 in Dow Corming 200 silicone oil. No attempt was cade
to contaminate the oil other than the natural contamination due to
routine handling of the components asé circuit beards. Prior to immersion,
photographs were made of the characteristic curves for each device and
the drain to source voltage drop was measured for each device in thermal
equilibrius in lsboratery alr with a supply veltage of 10 volts. Following

icmersion, the supply voltage was increased to 15 volts to bring device

dissipation close to the rated 233 milliwatt value during the i{m=ersion.

3

)
TR !




lua L2

4

2X2483~28
/3172

1. C-B curve ~ forvard bias

2. Drop of sea Vzter applied, ringe
with acetone, dried fn N a3 1640,

3. Saze a above, except 1a T, at 1653,

3. Sase as adove, except later, st 1762,

S. At 1705 contant with device lost,

2. L 3. 2. 2 i L EY

0.2

0.3 0.4 0.5 a.6 0.7
Bage e=ftter voltage, Vu (Volzs)

Figure 3.20
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Tabie 2 5: Parceatage change in XISHLI draf-. surrer*s on varijous .
. aays, compared te fuitial drafn ~urrent

Percentage change in drafn ¢ arreat o3 cate

Device 9/20/72  11/6/72  11/6/72°  11/7/72  3/12/73
3N157-13 14 -: ~ta +21 +14
3%157-12 +50 +67 67 ~73 +6]
M163-2 +20 420 4.0 -29 +20
M163-1 +6 +6 +6 +:2 +6 .
M152-2 +2 -2 -Z. ~2% +20 .
38152-1 -9 -3.5 -3.5 -3.3 4.0

) 2X3796-4 +4,7 <250 +13 -0 0 :
2X%3796-3 0 -2.5 -2.3 -3 -7.5

*Following TCr. and acetone cleaning

Bipolar devices were checked in a similar manner prior to immersion.
Figures 3.31 and 3.32 show the circuit diagrams used for both tipslar and
: MOSFET devices. Oil bath temperatures were about 40°C.

During 11 months of immerzion, the exposed bipoiar devices showed z
drift of collector current of only 5.5 percent maximum. This was not cnifornm.
but has varied from tize to time. This varfation was within that expected
frem meter accuracy and changes fn ambient temperature of a few degrees

. centigrade. Imnersed operation appears not to have changed thesc devices.

; For the MOSFET devices, there was an initial shift in current valies

. from the time of first immersion to the check made about six menths later.
The amount of this shift and that measured for each of the devices on

. subsequent measurements is shown in Table 3.5 Except for one device,

the amount of device current change. referred to the initial value, apreared

T

to be relatively stable. ©Cn 11/6/72, aprroximately 7 montas after the

T
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Biae circuit for bipolar trensistors in
long term immersion in silicone oil

!‘m‘- M“‘B‘ ”f" ’mu" 15 volts
o
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Bias circuit for MOS field effect transistors in
long tern impersion in silicene ofl
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initiar immerslon, the radical iacicase :n the currer* of device 2N3796-4
prozpted a closer look at the test devi.es,

Since i is well know: that the capacs.ance ot the MOS pate-oxide-siii<en

struceure of 4 MOSFET depends u~oa the onfc chavec cistribution In the oiide,

among othetr things, jrovisions were a0 1« 100 its parameter for

the tes: devices. Flots of the gat - -<u- strate caracitance as a :unction

of voltace were made for cach dovi ¢ ni r te aid  abscoyrent to surface

cleaning with electronic grade tricalorocth ienc (¥CI) and acetone. Only

cne device, 233796-4, showed an immedi e eflect in drain <utrent change

following the cleaning, but there was na detcctable change in tie C-V

characteristic of this device. This indicated that no change in charge

distribution in the oxide bulk had occurred, but that perhaps some

surface effect was cperative.

“he data of Table 3.5 show that for most devices there was an increase

of driin current. One rossible explanation for tiis would bYe a long term
drift of rositive charge in the oxide. In the case of n channcl devices
a pne tive gate-source hias drifts positive charge toward tie p-type
-ilic - substrate, attracting negative (narne carriers to iwncrease the

r-channel, cavsing more current tlow. in the case of p-channel devices,

the negative gate-source bias would drift positive fons toward the gate

where thev could be compensated by negatfve charge oa the gate. This
would remove the inhibitory cffect these positive charges have on the

fermaiton and increase of a p-channel. These positive charges are

"built {n" durlng the device manufacturing vrocess to an extent depending

upon the expertise of the sufactures i+ growing “clean" oxides. The
P

drifts obszerved may be inherent in the .- maaufactured devices.
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As a check, three de-capped devices and four devices with caps intact
were tested. All were p-channel MOSFET's, type 3M157. These were connected

as shown in Pigure 3.32 except for the gate connection, which could be

TR IR miy o S SO S Y

PRI AT IECR A

changed to allow ccnnection to ~15V, ground or to 3 pulse source for a

check of pulse gain.

T

Table 3.6 shows the change in drain-to-source voltage

which occurred under various bias conditions.

F7NPRY

All vcltage checks were
made in air, allowing 15 minutes for temperature stabilization.

o T

After
the initial check, on 10/18/72, the devices were operated in DC 200, 10
centistokes.

e

ECH

The bias was changed as noted in the table.

TINRLT

In the first 24 hours following irmersion, there was a decreasa in

current through all devices te a value which remained constant over the
next four days.

A twenty four hour application of a positive 15 volt

S e e

gate bias followed by applicaticn of ~15 volts just prior to measurevent

SR

gave a further decreage in current (i.e., lower IR drops in load resistors,

hence higher drain to scurce voltages). This effect was reversible by

application of negazive 15 volt bias again for 2 period of tima.

TS

FIAT

Hondling
of the devices took its toll.

e
i
F
$3
3
[
¢

The lack of recovery shawn by uncapped device

3M157-15 was followed by eventual total fallure (open circuit). Similar

faflures of two capped devices, -20 and ~21 occurred during subsequent

testing such as pulse gain, CV plots, etc: Device 3N157-15 failed due to

a break in the drain lead wire adjacent to the wedge bond on the drain

pad of the device. The break appeared tc be due to mechanical reasons.

After failure 3M157-20 was also decapped and found to have a parted lead
to the source. Again, this occurred at the wedge bond and appeared to

be due to mechanical reasons. Device 3N157-21 was also decapped after
fajlure, The reascn for failure was a burnout of the aluminum metallizatfon
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between the source pad and the curvilinear zluminum source strip around

the periphery of the device. This was due most likely to an improper

insertion in an electrical circuit during testing.
As shown in Table 3.6 each device, capped or de-capped, experienced
a decrease in drain current for a giver bias (-15 volts) cver a period of

time except for 381537-19 which experienced an 18 percent increase. This

geems to contradict the results cited previously, where practically every

T

uncapred MISFET experieanced an increase in drain current. Hcowsver, in

the previous test device dissipation was limited by using a 10V drain
bias for mearurement in air, whereas in the present test 15V was used,

During the 15 mdnute walt for stabpiiization, the devices heated well above
acbient. In a field effect device, the transconductance is directly pro-

portional to the mobility of the channel charge carriers. The mobility,

frr T

in turn, is a function of temperature. Fer the relatively lightly doped

waterial commonly used, the mobility will vary appreximately as T—z'5
{Ref. 21].

\:

5
I3
3

The much higher dissipation cf the second test series (about

450 rmatt per device versus about 250 mwatt before) would account for
tlis shift,

e 1

Based upon the data reported above, howsver, the following conclusions
can be drawn:

P

. 1. ipolar devices are reaiatively unaffected by operation in BC 200.
% 2. There is some inherent drift fa MOSFET transconductance character-
g isties under high bias (gate voltage near that of drain volteye).

: 3.

In addition to the inherent -lrift, surface conditions uay influence
MOSTET performance.
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3.3.3  Zherars wffects ¢r DMovice Jroratian sear Transter

As s wall knwum, variationg of tesverawure ca. cause varjations

in the Cperating paranaters of semicoaductor duvices. lLeatage carrinal, &,

eransistor curyent gain. hpz and junction forwarn volt.~s srop at constant

corrént, V_.., are all sensitive to temperatyre chanpes. For silicon

a

txsnzistors typical figures zre {Ref 357}

Is deutles with a 12° o id” € :anr-ase,

VBs fecreases ai anoat 2 millivelts per 1° € increase.

The change in current gain with temperature depends upon the way in which
the device is made. A recant study [Ref. 58] found that for an 80° C
change, from =55° C to 25° . the d-c commen-emitter current gain chasged

as shown in Table 3.7,

Table 3.7: Change of current gain with temperatsre (Ref. 58}

Pevice Type -55° ¢ 25° ¢ he..{25°C) /h . (-55°2)
Cingle diffused 88,5 99.0 i.12
Sirgle diffused 50.2 66.7 1.3¢
lesa 6.5 79.5 1.71
¥esa 37.0 70.0 1.89
Yeza 28.¢ 59.0 2.10
Mesa 34.5 76.5 2.2
Planar 11.0 24,5 2.33
Planar 8.5 22.0 2.60
Planar 44.0 i30.0 2.96
Planar 25.0 76.5 304
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Many techniques have been devised by circuit designers to minimize
the effects of temperature changes on circuits using semiconductor devices.
Large area heat sinks are employed to improve dissipation from power

controlling devices such as rectifiers, SCR's and powsr transistors. It

18 of interest to the systez design engineer to kmow to what extent the
heat transfer from semiconduccor devices will be altesed by izmersed
cperation.

Az 1s well konown, many large power transformers cperating at atmospheric

pressure are izmersed in a dielectric liquid (oil) which, among other uses,

egexves as & heat transfer medium. The heat transfer i3 usually accomplished

by frez convection and by conduction through tha oil. Geaerally the heat

trangfer rate is significantly greater in a liquid than in air for a given
temperasure drep between the heated object and the surrounding mediun.

This facz has prompted a careful look ac liquid cooling of high density

microelectronic circuits. A recent study [Ref. 59] has compared frze

convective cocliing in air with free and forced convective cooling in
Freon 113 fluid and Dow Coraing 209 silicone ofl of microelectronic circuit
chips. Figure 3.32 shows the heat flux in ua:ss/c:z from the semiconducter

gurface as & function of the remperature drop from the surface, at Ts, to the
axbient fluid at Ta ° C. For exssple, at AT o T,

= ° -
s Ta 10° C, fres con
vective cooling by silicone oil dissipates three times as much heat per

vnit area as occurs in free air.

Although enhanced cooling can be cipected due to imzersion in the

oil, consideration must be giver to how the free convective hia. .ransfer

in ofl might be influenced by pressure. Pressure -:ill be expected to

Increase density and vigscosity--leading to a decrease in convective heat
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transfer--and inczease the thermal conductivity-—leading to an increase ia

conductive heac transfer. The change in overall heat transfer rate on

going from atwospheric pressure to pressures as hign as 1000 atmospherss

will depend upon the relative magnitudes of the opposing cffects.

For
free convecticn, the heat transfar coefficient, hc’ defined by
hc = QfAAT (3.61)

viere q is the energy transferred par second, A the area of the dissipating
surface and AT the temperature Jrop from surface to azdient fluid, is

proportional to the d2nsity, o, viscosity, u, and thermal conductivity,

k, of the fluid s shown below [Ref. 50}.

h 32 2,2 b
, = const X k[L p“g8(aT}/u"] (CPulk) (3.62)

The exponents a and b depend upon the geometry of the heat dissipating
surface. For horizental squere piates, the exponents are equsl, 2 = b,

and their value depends upon the range of values of the parsmeters. The
dimensionless paraseter group in square brackets raised to the ath power

in equstion (3.62) ic called the Graskof nember, symboiized Cr, and the

dimensisnless parameter group raised to the pth pover in (3.62) is czlled

the Prandtl nuwber, sysbclized Pr. Using parameter valuss typical of

10 centigtcke C2G), nocely

¢ » 0.93 gr/ea®

vy = pfp « 0.1 stoke
Cp = 0.35 cal/gn/°c

k=3.2x107° &T calfsecfer /*Clca
8 + 1.08 x 107°/°C
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[Source: Dow Corning 3ulletin 22-069, dated 10/71} and assumine L - 10 cnm,

AT = 25°C,

r = 2.65 x 106

Pr = 1.02 x 10°

and the product is
. 8
Gr Pr = 2.71 x 10",

According to McAdams, in this range of parameter vaiues, a = b = 1/3.
Therefore,
0.67 ~0.33

u

n_ak
c

and the ratio of hc at 1000 atmospheres to that at 1 atzmosphere will be

hc(.lOOO) (x )0.67( 0.33

———r s — uo
hc(l) kko T (3.€3)

where the o subscripts d@:note refecence (1 atmosphere) condizions  The
riat.on for fluids of thermal conductivity and viscosity with pressure

<cpends upon the complexity of the molecules of the fluid. Viscosity

varfies roughly exponentially with pressure, as shown in Figur. 3.36A

fRef. 29, p. 82). Thermal conductivity, however, increases 1 lower rate

uith increa. ing pressure Data on two differcat fluids, met s lalcchol and

iso-aavrl alcohol [Ref. 29, p. 92] is plotted in Figurs 3.34B. Vhe variation
{s slighrly sublinear. For the two flulds shown, even thoug: of different

molecular structure, the increase {s abour the same--roughly 20 ocercent at
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1. Eugenol (30°C)
y / 2. Silicone (CH,),51051(CH,),
/ 4 0S1(CH,) 5
J 4 /5 3. 1-C H,0H
4 4o g-CgHy,
£ .
L /// |~ 7 5. n-C3H70H
£ — = 6. CH,0H(30°C)
//" 6/-% 7. CH30H
5 | o 8. 1,0(0°C)
9. Hg(30°C)

[} 5 10 15 20 25 39
Pressure {X 10° atnm)

Figure 3.3%4A: The viscosities of some compressed liquids.

Zents were wade at room t
indicated [Ref. 29].

The measure-
eoperature unlegs it is otherwige

2.0
1 G0
£ N—(CH;) G (CH,) ,0H
M 2
1.0 1030 3000 3ods )i T )

Pressure, atoospheres

Figure 3.34B: Change of thermal conductivity with pressuyre for a quid

of simple wolecular structure znd a liquid of coxplex
structure {Ref. 291},
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1600 atwospheres and 33 percent at 2000 atmospheres. Using the curve for

silicone fluid fn Figure 3.34A, there is about a threefold increase of

viscosity at 1000 atnospheres. Using a3 20 percent increase in thermal

conductivity at 1000 atmosphercs as typical,

h_ (1000}
< < (12097 (0.33% 3 . 079 .
(D

There will be about 21 percent reduction in heat transfer capability dua

to the pressure.

As a test of whather or not this optimistic forecast can actually
be achieved, two power transistors in T0-6¢ cans were de-capped to allow
operation in contact with DC 200 sflicone oil, 10 centistokes viscoszity, at

pressures ranging from atoospheric to 15,000 psi. The silicon chips of

both devices were coated with a white polymeric substance by the manufac-

turer, Motorola. The planar silicon power transistors, a 284232 (NPN) and

. 2X3740 (PNF) were connected as shown schematically in Figure 3.35. The

.1rcuit board was attached to the sheathed iron constzantan thermocouple
*hich penetrates the pressure chamber along wich the electrical leads.

Ine position is shown in Figure 3.36. The voltage drops Vl, Vz, V3 and Vb

.1 ted on Figure 3.35 were monitored to determine base and collector

urcents in the devices. These were monitcred with the devices operating

+ PC 200 at atmospheric pressure, 5000 psf, 10060 psi and 15000 psi.
A plot of the power dissipated by each transistor and the cellector

current of each as a function of time is given fn Figure 3.37. Also shown

i{s the oil temperature indicated by the monitoring thermocouple. Each

time the chazber pressure was increascd the temperature increased for a

short time and then scttled bach. The cellector currents and power
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transistors for heat dissipation test.

fgure 3.36
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dissipation of the trapaistors followed these temperaturc varistions,

with the PN 2N4232 apparently xore semsitive to the changes than the
PNy 2M3740.

Although the temperature indicated hy the thermocouple remained
relatively constant—-except for pump up surges—the transistor curreats

flucteated gsomewhat, with the fluctuations of the 2N232 larger than

those of the ZN3740. The input base currents during the experiment

varied by less than one percent in the case of the 2N4232 and about two

percent in the case of the 2N3740. These variations did not always synch~

ronize with the collector current fluctuations. A possible reason for

the 284232 device fluctuations appeared when this device failed—at 12000

psi after having been pressured to 15060 psi. Subsequent examination

vevealed that the emitter lead had parted from the terminal post. The

stitch bood on this lead had been made at the very edge of the post. The
leads to the metallization on the chip are protected by a polymeric
coating against vibrational stresses, but pot at the post. It is likely
that the vibration.created during removal of the top of the cap ruptured
the bond, but it did not part umtil late in the experiment, for an unknown
reason. It is possible that adhesion between the polymeric coating and
the lead was good enough to suppert forces leading to rupture of a pre-
viously weakened bond.” A schematic sketch of this is shown in Figure 3.38.
The bulk modulus of polymeric materials is gemerally much lower than that
of many other solids, leading to greater deformation unde- pressure. Such
deformation 1s suggested by the arrows in the polymeric coating in the sketch.
The total force developed along the wire, symbolized by the reaction force

PB developed at the bond area, may be sufficient to rupture the bond,

particularly £f it has been previously weakened by vibration or other

pechanical stress.
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Polymer

\\ Lﬁ: Hire

Flattened
During Bonding

Figure 3.38: Schematic Representation of Forces Developed
on Lead Wire by Polymer Coumpression.

In spite of the device failure~~which would have probably occurred
sodetime during normal (hermetically-sealed) operation with 2 sufficient
vibrational input--the experiment was useful in indicating that the D¢ 200
wae capable of providing a good heat transfer even at 15000 psi. A
subsequent check of the 2N3740 mounted on the same circuit board in air,
using a 30 volt supply and the saze base current drive, gave an initial

Ic = 171 mA. The transistor heated rapidly and by two minutes Ic had reached

203 mA and was still rising. The polymeric coating over the device started

smoking and lifted away, so the experimeat was halted. A subsequent curve

tracer check revealed that the transistor was still good., This exercise

provided a graphic demonstration of the cooling provided by the DC 200 even

at 1500C psi.

The data from this test are inconclusive as to whether or not the
heat transfer slightly ioproves with pressure, but they do indicate that
substantial coocling occurs due to immersion and that the heat transfer

rate is decreased little, if at all, at 15000 psi. This result is very

proaising for the operation of power dissipating electronic cozponents to

the decpest ocean pressures.
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4.0 CONCLUSIONS

"Contemporary electronic components will withstand and indeed function
at the decpest ocean pressures” - a review of the literature describing

the operation of existing outboarded electronic systems is ample proof of

this statement. Aside from the fact that there are operational systems

which testify to the practicality of outboarded electronics, the literature
also indicates that there are alsc many other devices which have been

tested and appear to be outboarding candidates {Ref. 6]. What the liter-

ature does not establish is the art, technology and criteria needed to
select, reject, apply, and test for potentisal usefulness. The present
study has atrempted to uncover some of the fundamental problems and

solutions which will be encountered in »utboarding contemporary electronic

ccmponents. The following paragraphs document some of the conclusions

from the study.

4.1 Pressure Effects

The first and fc ._cst conclusion is that most electronic materials,
metals, semjiconductors or dielectrics, are unaffected by either the pressure
of interest for ocean use or typical pressure transmitting fluids. This
is particularly true for solid forms such as crystals, films, and wires.

There is ample proof that these material forms are not seasitive to pure

hydrostatic pregsures in the range of interest for preseant or future Naval
operations. On the other hand, granular and pressed powdered materials
are very sensitive to pressure and consequently components made from these
rmaterial forms should be avoided.

Non~hydrogtatic stresses induced by housings as the resul: of voids,

nismatch in elastic properties and stresses induced at the time of manufacture

Preceding page blank
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can and often do cause device failures to occur with the electronic

materials. In almost all cases for semiconductors and dielectrics, the

electronic material will fracture and result in a catastrophic fallure

as opposed to reusable non-destructive failures. For example, a semi-

conductor chip may fracrure at pressure levels below that which would

result in noticeable material property damages when there is a void in

the chip-to-substrate bond.

While most electronic materfals can be expected to withstand the

hydrostatic pressures, the package that contains the active elemcnts

may not withstand the pressure. The mcst common failures are package

deformations resulting in the creation of catastrophic stress levels

for the enclosed elements. Voids are the nuzber one cause of failure

with elastic property mismatch a poor second. The precent design of TO

cans and thin 1id (particularly metral) flat packs tizkes them unusable

for icmersed operation.

psi (T0-18), most fail well belew this. The present varigbility in such

factors as wall thickness, material and edge rounding gives a wid& range

of maximuz allowable pressure for a given type--too wide for any confident

statement that, c.g., "T0-3 cans are usable to 500 foot depths."

Some existing ceramic DIP designs will provide pressure resistance

te depths nearing the deepest part of the ocean. As in the case of T0-

cans, however, variations in material and gecmetry can glve a fairly wide

range of maximum allowable pressure. The key to the pressure resistance

of present ceramic DIP designs is a relatively small cross-sectional void

arca and a relatively thick cover.

Plastlc packages without internal voids are not subject to catastrophic

crushing. However, the relatively large compressibility of plastics

Although some TO cans are usable to several thousand

¥

J gl
PPN RIPIICICOR RN L u_‘/g}.rum\siwﬁlﬁwﬁ

e N AN A

L2 % tasn VTS MRERL MA LU A £ RN SOV EHRIYE

coh 2 L arew cALAAT Swina

e ey Cranexy

i wtiaseu f

[EYIIN

SRy PRI

Hilasrsesy



> s AL
_ o g TSRS TR R o,
i B TSR e S SR A LIS ¥ i - %
A T nd P DA 2 """‘f-: el o
B R P e U ETE -
eI g
PEER s

24

coaparcd to cther material ~gy provote deformation which can pull lead

wires from geaiconductor devicss.

Pagsive component paskages follew the same pattern. Solidly filisd

b A BT (L AT ety

housings transuit stress ¢lrectly tc compenents and do not lead to catas-

trophic failuze. Fackages with voidg, however, gc':ze‘;&lly f511 at pressures E
well below those equivclent to that in the desnest paris of the ocean. 'f
4.2 Fluid Effects %
Cils are the most prcvalent- pressure transmitting fluids. Liquids ::

. have been used in pazsive devices for years and in many aiolicatiens such 3
as tvansforrers; devices such as resisrors are #tored in oil uith nc ,
pdverse 2ffects. 0il is in fact a much more benizn savivonment chan j
M

ordinary air containing molsture. loovs in the fluid can cacae device ‘;;
failures, througn corresion or forsc inéuced effects such as iaversica
layers in semiconduntor devices. The present studies indicate that moet
sericondictor devicey ave febricated in such 2 nanaer as to make tham if
igpervious to oils in ccntact with thex. :

This is partifularly true fot

integraced circuits. Expsricentai avidence alsc indicates that coutam~

inat:on effects are minimal. XSoth shert and

lvng tems studies indicate

that bipolar saxicondvector devices are not affectad. :
4.3 Preasurs Yardentinrg Techniques 'i
i Several aschemas ars fesgidble to pressw.c harden devicee. The most “;’
chriows t2chniqr . is to encapsulate the deviie with erough material with ::
sufficient styength to absorb the pressure and hence protect the device. ’
Epoxy f{s & goud candidace for most devices. The sacond techrique is to
chargz the package gecmetry. For example, a hemispherical transigtir ;
package can withstanl almost an order of magnitude nrore pressure "nan one :
with a flat tep. The third and by tex the =0st promising 13 2o £’cod é
3
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the device. It may be that a pliable coating of a passivant material may
be needed to isolate the fluid from the device, however, initial results
on most ¢avices indicate than this is unnecessary.

Several cautions are worthy of mention: (1) make the device as smail
as possible (atress is force per unit area); (2) choose devices constructed
of materials of gsimilar ela:tic properties; (3} avoid use of manufacturing
prectices which result ins uncontrollable voids in the device at lozations
which cannot be flooded; and (3) avoid components whick utilize liquids,
powderad materials, and laminates.

This study has not uncovered any problems that will not be zolvable
and hence prevent the use of almost all electronic comperents in an out-
boarded mode. This does not imply that there are not uumetous problems
to be solved. The art and the tIchnology must be drscovered and documented
on a practical level.

4.4 Reliability

No definitive statezent can be made on the whole question of reliability
of electronic devices {or pressure tolerant electronics at tg;s é;ne. Very
fewr studiea nhave been conducted that have coasidered enough samples to
have sny sigoificent statistical value. Almost all investigations, the
present study included, hawe utiiized represantative devices but often
only cne or two in each categery.

The present gscody has considered svme of the more obvious failure modes.
However, subrle failure mrcbanisms will certainly be identified for all
device typss. Experiaentally, the most commcn failure mechan.sas were
these normsiiy encuuntered in devices, such as voids in tho Londing, nispleced
leads and poor metaliization. The fluid-pressure eaviromzeat, like mechanfcal

taating, will sometimes sccelerate these failure mechaniszs.
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It should be emphasized that no significant leng term testing was

done in this study.

for as iong as one year, the tests wexe not tacked up by adequate control
and base iine studiss to allow statistical evaluatioas.

teste will invoive cycling for long pecriods of time. This approach has

been used at HUC, and numercus failures have occurrad for soze devices.

The whole area of plastic creep and stress relaxation has not been

treated a2nd wil) need nmuch attention. Evaluations of these problexs

should result in the establishment of needed screening tests for the

pressure induced failures. Failure modes that result from the pressure

may be more or less difficult to detect than those now encountered. Fer

example, over pressurizatior may be an excellent accelerated testing
methed.

From a reliability view, the fact that devices will be free flooded

in an inert liquid could greatly enhance their reliability. This is true
for two reasons: (1) for free flooded devices the device will often be

uncapped or unencapsulated thereby psrmitting visual inspectiocn even

after assecbly into such systems; (2) the inert fluid will likely be

nore benrign than the typical

psulation ztrmospheres.

o

The latter

shouid greatly reduce the mcbility of such impurities as water vapor.

Many failure modes are the result of pcor quality control of the encap-

sulating environzent.
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Although several fluid immersion stuaies were conducted
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5.0 RECOMMENDATIONS

Baged on the results of this study and the need for Navy systems
which will function at deep ocean pressures, the following recommendations
are offerad:

-

SN T

A study should be initiated to define feasible

approaches to the utilization of devices which

are to be free flooded with the pressurizing

fiuid. This should be coordinated very closely

with device manufacturers in order to assure
ecoaomical feasibility of the technology

developed.

A study should be initiated to develop passivation
techniques ard materials to protect those devices

that are sensitive to the pressurizing fluid and

which must be free £looded.

A study should be initiated to devalop porting

techniques for those devices that must be protected

gyt AL S A SvMRMBAS 1 iy SRS e R I S I R L ety R
Al R U S

2gainst the pressure in order to insure that al1

32
{0}

types of components are available for the systems

designers.

2 b SRR

A study should be intiated to evaluate failure

,
"
L CTe

nechaniscs that are expected, with particular ecphazis

on these induced by the fluld-pressure environment.
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. A study should be initiated to develop a methodology ks
for evaluation of the reliability of devices and 3
systems in the fluid-pressure environment. \f

=

. A study should be initiated to coasider modular 3
]

approaches to be utilized with components for i

use in the fluid-pressure environment.

A study should be fnitiated to develop systems

concepts for pressure tolerant eclectronics.
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6.0 APPENDIX
6.1 Fundamental Stress-Strain Relations

The general problem faced in our analysis is to determine the stress
distribution s(x,y,z) in a laminar slab of material, thickness t, with a
uniform pressure P applied to one surface and a set of reaction forces, R,
and force couples (bending moments, M) applied to the periphery. The

general case is sketched in Figure 6.1 below.

Un'\ {-o\rw\ Presswre

Figure 6.1: Forces and moments applied to laminar slab

In general, the stresses resulting from the force and moment distri-
bution can be specified by the normal stress components sl, 8, and 84 and
the shearing stress components S0 s5 and s6. These are shown acting on
a volume element of the material in Figure 6.2 [Ref. 11]. The strains
resulting from a general stress distribution in the material are specified
by considering the change in displacement of a general point (u,v,w) in

the body with respect to the origin O of a set of rectangular axes x, y,

du 9du 2du

z. The change in u, v and w along the three coordinate axes = 3;5 32



Figure 6.2: Normal and shea: -tress comaonent:




T

etc., are used to define the normal strains

and the shear strains

- du 3v = Ju _ 3w = 9v . 3w
€6 = oy @ ox °’ ® 5 %z T ax ' %4 T3zt dy

Under the assumptions of linear elastic theory enumerated above, the

components of stress and strain are related by

i,k = 1,2,3,4,5,6

(6.1)

where the Cjk are the elastic constants for the material and the repeated

index, k, implies a summation. For the homogeneous, isotropic material

assumed there are only three independent values of the cjk

which are usually designated c

implied by 2.4 to the form [Ref. 11]

s, = c,.e, +c

17 c118 * caley tey)

8, = C12(e1 + e3) + 1%
84 = clz(e1 + e2) + 1123
84 % C44%

85 ™ C44%s

86 ™ 44%6

coefficients,

11°* 12 and Cust This reduces the equations

(6. 2a)
(6.2b)
(6. 2¢)
(6. 2d)
(6.2¢)

(6.2f)




wiere
¢;p = (= e+ ) -2 (6.3)
¢ p = VE/(L+ (L - 2.) (6.4)
Cz&[% = Er2(l + J) . (6-5)

where v is Poisson's ratio and E is Young's modulus.

Given the applied force and moment distributions, the stress distri-
bution may in principle be calculated. Tihe problem is greatly reduced
in complexity when there is a high degree of symmetry in the geometry
of the body and the applied force distributions, which is true in enough
~lectrical component packages to allow the use of relatively simple
formulas to gain sufficient insight into manageable cases to obtain
ostimates of what will happen in more complicated situations. Formulas
for stress in circular and rectangular plates and for cylinders under a
uniforn distributed load(pressure), among others, have been tabulated
by Roark [Ref. 12] and are used wherever possible. For more complicated
-ases, such as composite material slabs, simple assumptions can be made
which allow extension of the formulas. Fcr example, a plate,consisti;g

. rs of two diffé;ént méterials can be assumed to have ro slippage

wue interface.

..2 Analysis of TO Can Structures

In the case of the TQO can, a reasonable mathematical model is to
use a cylindrical structure with a flat top to represent the cap of the
TO can, and then to use a thick disk to represent the header, or the

bottom, of the TO can. With this model, one may then apply formulas




derived for standard cases [Ref. 10], and analyze stresses developed at
various parts of the-structure due to the influenéé of én external
pressure upon the structure. These formulas are derivable from a more
general mathematiczl treatment of stress and gtrain, such as obtained from
a standard textbook of the theory of elasticity and a brief summary of
this theoretical analysis is given in Section 6.1 above.

Figure 6.3 shows the model used for a TO can and shows the analysis
of this model inic a free-body diagram to facilitate the mathematical
approach.

The mechanical stresses generated in the cap can be calculated
theoretically by using superposition and the free-body diagram which is
shown in Figure 6.3. The forces acting ﬁpon the cap are membrane forces
acting on the flat top and on the cylindrical sides, a shearing force,
denoted by Vo in the diagram, and a bending moment, denoted by Mo in the
diagram. By using the principle of superposition, the effects of each
of these separate forces can be calculated on the flat top structure
and on the cylindrical structure, and then added together. Fox the
cylinder there are three conditions. There is a condition due to uniform

external pressure which results in a meridional membrane stress given by

Equation (6.6)

o
s, = membrane meridional-stress = -P 3%— . (6.6)
2

A stress at right angles to the meridional stress, which is called the

"hoop" membrane stress, given by Equation (6€.7)

= membrane hoop stress = -P R . (6.7)

S
ty
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The stresses due to the uniform radial shear force, Vo, are the meridional

tending stress, which in this case is identically zero at the end,

si = bending meridianal stress = 0 (6.8)

and a "hoop" bending stress, which is also identically zero at the end.

Sé = bending hoop stress = 0 . (6.9)

Also, there is "hoop" membrane stress due to Vo which is given by

Equation (6.10)

s, = - 2V°A2R/t2 . (6.10)

The stresses due to the uniform radial bending moment, Mo’ are a meridional

bending stress, given by Equation (6.11), a "hoop" bending stress, given by

Equation (6.12), a "hoop" membrane stress, given by Equation (6.13), a

shear stress, given by Equation (6.14)

2

v

s = 6M_/t3 (6.11)

s! = v 6M /t2 (6.12)
2 o’ "2 *

s, = - 2M A%R/t (6.13)
2 0”2 2 :

Sg = Volt . ) (6.14)

The stresses in the cap due to membrane effects, the shearing force, and

the bending moment are a tangential stress, given by Equation (6.15); a
radial stress due to the behding moment, Mo, which is given by Equation (6.16);

and a tangential stress, due also to the bending moment, given by




Equation (6.17). Finally, due to the shear moment, Vo, there is developed

a uniform radial stress given by Equation (6.18)
2
s,= -2 we2-ner (6.15)
4t
1
s = 6M /2 % | (6.16)
r o' "1 ’
s. = 6M /t? (6.17)
t o' "1 !
s, = VO/t1 . (6.18)

Matching the boundary conditions and solving for the bending moment, Mo’
and the shearing force, Vo' gives the formulas for these two quantities

shown below in Equations (6.19) and (6.20).

F .3 2,2
R0, 2R°A,¢1Dy
Dy (1) ¢ (1-v/2) [Et +2RD, 23 (1-v) ]
5 2RA,D Et '
2+3 (§+\2)) B o3
i 1 Et,+2D,RA; (1-v) J
RA,D, rh,
Vo= 22, 14 3—1-(1-;:3 My - 4D, (1+v) i (620

The parameters, A and D, with a subscript | appropriate for the top of
the cap, and subscript 2 appropriate for the cylindrical side of the

cap, are given in Equations (6.21) and (6..2) below.

D, = ——— kn 1,2 (6.21)

AR e s 2




1/4
A = 3gl-v2!

k thz k=1,2. - (6.22)
For convenience, these formulas are summarized in Table 6.1 and Table 6.2.
To give an example of the use of these formulas for an analysis, a
typical calculation is made in the following.
Example:
TO-18

Material: Nickel

R = 0.088 in

t, = 0.00775 in

t, = 0.0095 in

E=4x 10 psi

v = 0.28

m= 1/v = 3.57

Cylinder
P V° Mo

8; -5.7P 0 0
si 0 -79.8P
8, -11.3P 53.8P =44.2P
sé 0 0 22.3P
8, 0 6.19P 0

The sum of the meridional stresses on the outside gives

L = .
8, + 8 1 74,1P




Table 6é.1: Flat top cylinder treatment - cylinder stress components

Cause i
Stress P Vc i H°
]
PR
s -5 0 ! 0
1 2t2 i
i
s} 0 0 * ffg
- 2 ~
t;
PR 2V IR l 24 "R 3
S, i -9 [ R——)
2 t tz
s} 0 ¢ + M
VT
-t
A
Sq c Xg 0
%2
Table 6.2: Disc Stress Components
Cause
Stress 3 V° Ho
s. 0 Xg + ffg
t 2
1 t]
Edge
6M
s —-3—;5-2- (1-v) ? 0 + 79-
+ 4% - h
2 v 64
- +
r -G 2 =
+ lot.l 1 - tl
Center
64
St TR e 0 - .
+ 8t -t
1 1 i
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The sum of the meridional stresses on the inside wall is

(s1 + si) = ~85,58 .

The sum of the hoop stresses on the outside wall is
(32 + sé) = 20.6P .

The sum of the hoop stresses on the inside wall is

1 = .-
(82 + 32) 24.0P .

The maximum stress experienced in the cylinder is therefore:

' B e,
(s1 + sl) 35.5P .

For a yield stress of 20,000 psi for nickel

P = 234 psi

Head -~ -

P Ho Vo
s 53F ~5.0P
*
st ~46.4P 53p 0

The maximun stress in the top is

8, = 48p

Iz practice, a perfectly flat-top cylinder is seldom encountered.

Usually, the sides are rounded to some extent. In some cases, the rounding

A-11

3
)
o
p
ki
“;::
3
5
3
3
H
1
¢
H
2
3
i
H
3
2




approaches a hemispherical surface. To cbtain an idea of how such tognding
will affect the stress resistance of the structure, one may take the
Huiting vase of a cylinder surmounted by a hemisphere end perform e
calculation in a manner similar to that performed above. Again, using
standard formulas from Roark [Ref. 12, pg. 307]. In particular, we take
the special cese where the top thickness, g of the hemispherical top

1s equal to the side thickmness, Ty of the cylindrical side. Ia this

case, the bending moment £s equal to zero, and the shear force, Vo 1bg

per linear inch, is given by Equation (6.23) bdbelow.
VO = P/sxl . (6.23)

The membrane forces on the hemispherical tcp sre given by Equation (6.24)

below.
sy %5y ° PR/2t . (6.24)

The stresses due to the shear, Vo, are a stress of zero magnitude in a
weridional directior at the edge, and a hcop membrane stress given by

Equation (5.Z5) below.

2V° 2, R 2 Hﬂ
8 =1 3(1-v )(-t-) . (6.25)

The stresses in the cylinder are given by the ctresses previously
quoted, so that now the appropriate values of bending mcment, Ho’ vhich
15 zeso in this case, and a formula for the shear force, Vo. can be used

to calculate the stresses which developed in the cylindrical gides and

A-12
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the hemispherical top under the influence of an external pressure, P.
These formulas are summarized in Tables 6.3 .nd S.4. A comparison calcu-~
lation of the maximum operating depths for several ccamon TO can types

with 2 flat top and with a hemispherical top are given in Table 6.5.

Table 6.3

Hemispherical cap treatment for equal side and top thicknesses
Cylinder stress Components

Cause
Stress P v H
, [} )
s, - PR/2t 0 0
Si 0 0 [
sy - PR/t - PR/4t I
si 0 0 0
EN 0 P/8\t 0
Table 6.4
Hemispherical csp stress components
Cause
Stress P v M
o o
sy ~ BR/2t 0 0
Sy - PR/2t 0
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Tablé 6:5: Comparison of aximum operating depths for

some common TO can types with flat tops and with hemispherical tops

Maximum Operating Depth (ft)

TO Can Type Flat Top Hemispherical Ton
T0-18. 843 7700
To- 5 550 6500
T0-66 248 2730
TO- 3 Q2.4 1670
T0-36 114 1870

6.3 Analysis of Seaiconductor Chip Fracture Due to Header Deformatica
The situation at the header or the bottom cover of the cap under
pressure is analyzed by considering two possible cases. These cases are
sketched in Figure 6.4. One possibiiity is that the edge of the header
is supported by the cap, but is free to bend. For this model we will
assume a circular semiconductor chip with radius a.s boﬁéed to a circuiar

substrate with radius a. The substrate or header is deformed by an external

pressure, P, acting on the bottom of the surface, which causes a deflecticn

of the header sbout the fixed edge supports. We also assume that in the

bendin®, the semiconductor chip does not stiffen the substrate in any way.
From [ﬁex 12, pg. 216), the maximum deflection and maximum stress will
occur at cthe center, and the value of this maximum stress is given by

Equatfon (6.26) below:

2
3(3%
s, = (), () . "% (: ) G+uye, (6.26)
This maxinun stress is developcd at the extreme fiber edges or the upper

surface of the header and is in tension. The lower surface of the header

A=14

H
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5
3
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Case Y: edges supporied, but not slamped.
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Case 2: edges clamped.

Figure 6.,4: Header under pressure
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is, of course, in compression. The stress and strain for a homogencous
header are related by fornmulas (6.27) and (6.28) for the two strain com-

ponents, and these formulas are given below:

] 3
& = E, (sp = vg 8P (6.27)
e = i (s, ~v_s) (6.28)
t ES t s "¢’ ° °

At the center, where the two strain components are equai, their
value is given as a function of z, 2z being the verticsl axis to the

center of the header, as (6.29) below:

2sm 1- v,
e.=e =T \—Fg—)z (6.29)

We take the z = 0 to be the position of the neutral axis or the axis of
zero strain through the header. If it is now assumed that the strain is
transmitted to the chip without slippage at the interface {parfect bond),
the maxinum strain will occur in the upper surface of the chipg. The value

of this strain is given by Equation {6.30) below:

25‘= - Vg
e T (t/2 + cc) £ . (6.30)

Since

rigeam Vc) emc s (6.31)

E 1~v a 2
c s 2tc 3 s
Sie ™ (Es)<l - vc)(l R T ) GB+v)P. (6.32}
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Take, for exumple, a Kovar substrate which has the values 0.28 for
Poisson's ratio and 2 x 107 psi for the elastic constant, Es’ with a
radius As = ,150 inches and a thickness, t, equal to .060 inches. These
dimensions are cbtained for a typical can type T0-5 header. For a typical
gilicon chip whose dimensions are: a, = .030 inches and a thickness,

£, = <030 inches, and assuming the vaives 0.27 for Poisson's ratio and
1.83 x 107 psi for the modulus eclasticity, Ec‘ We calculate from

Formula (5.32) that the maximum stress developed at the upper surface

of the chip has the value given by Equation (6.33) below:

Spe ™ 9.37 P . (6.33)

The maximum allowable stress in silicon in bending ic given by [Ref. 13)

as 5.07 x 104 psi. Using the result of Equation (6.33), this stress,

A Y

the maximum allowable stress, is developed at a pressure of 5400 psi.

The second extrewe case for the header is to assume that the cap

s

1
S

h

holds the edges of the header rigidly so that they are fixed and not

he .

allowed to bend only if the circular iuterior of the header is allowed

A

to bend. Again, we assume that the semiconductor chip does not affect

'y

a2 B 2 s Syl RYOANE Sl SINA L ARG bR G

the gubstrate bending. We again assume that the strain of the upper
surface of the header is transmitted to the chip without slippage at the
interface. Using the formula given by Roark [Ref. 12, p. 217], the stress

develcoped at the ceater of the base is given by Equaticn (6.34):

3(L+v) (as)“
smssr-st=-——8—--t—P. (6.34)
A-17 3
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- (6.%5) and (6.38): -~ T - .

5 B
- o, - g - - -
\z E Ef 3.4 -
- ®x

4z the center where the two strajn scmponents ar® equal, the strain

!

is, ﬂiven by €auatisa (6. 37) Hlt'l 2 ; 0, taken st the neutrsl axis,

=
3

-~ . 25= 1- \-;\ B .
e{0,z} = —=1{ =1z . {6.37) * E
¢t { E_ ) g
S 7 g
The strain at the unper surface of the chip i given by Equation {6.33) :ﬁ
2
%
23 f1- vn\ ‘-}
e =7 (t/2+ ¢ )( g . - (6.38) E
\ s -
Siuce %
E i
s = z e - -3
mc 1~ _ Tac’ M
%
R AN AN ay”® i
1+:—‘~=;3(1+v)(—5;y. (6.29%
1 - ‘J v i / 8 t, _

A WA ner € Y v 2,

For the same materiasls and dimensiors as in the prsvicus calculation, the

naxinun stress develeped in the chip is related to the pressure b;;' :

Equation (£.40):

i
|
artasr DAoL ML s

s = 3.65P . - - (6.507 °
me :
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Again using a maxiwum allowabie stress in the silicon of 5,07 x 104 psi
[Ref, 21], we find that the maximum allowable pressure of operation for
a header is 13,900 psi.

It can be seen from the preceding analysis that even if the tops of
the TC cans can be reinforced to withstand higher pressures, there still
2ay be dangerous stress levels developed in the silicon chip by deformation
of the header. The problem of a composite header made of glass and metal

coumbined can be approached by modifying the equations for the single

~ material case.

For a model, we take the fixed edge case vhich has already been
analyzed above, and we modify it to the case of the composite material.
The formula which gives the maximum stress, Sm, has already been quoted
above as formula (2.32). In this analysis, we wiill assume that there is
no slippage of any material interface. ¥e will assume that the presence
of the semdconductor chip does not influence the stiffness of the header
disk, we will assume that there are only swmall deflections, and we will
further assuve that there 1s a linear strain relation. Because of the
linearity of strain and therefore of the stress, the stress as a function

of z is given by Equation (6.41):

5(0,2) = 5_ 2—: ) (6.41)

The bending moment per unit length at the center of the disk, M, is equal

to zero, and is given by Equation (6.42):

/2 4s
N=s 228 a2 = 22 (2)°
“ t
-t/2
A-19
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M - % (e/2)% x

ool

as 2
(z*) (L+wv) P

2
A

M o= T%m (1 = v) P, (6.42)

Note that this is the bending moment in one direction only. The factor v,

Poisscn's ratio, takes intc account the lateral effects in the materizl

and hence, is a material dependent property. However, for most materials,

BT R 1 MR

the value of v lies between 0.25 and 0.30 with 0.28 being a representative
value. Therefore, to first order the bending moment is independent of
the material, and for a given ? will depend only on the overall dimensions.

For the model composite disk, the assumed linear strain is given by Equation

(6.43), where the slope, a, is to be determined.
e(0,2z) = az . g (6.43)

Let Zq be the boundary between the material 1 and material 2. Then the

sum of the applied forces must be equal to zero and is given in Equation (6.44)

t/2 E, ‘%0 e,
F=0-= —=— zdz +
1= l-v

2 1
= (ty-2z5) 25
E.a E.o
2 2 2 1* 22 \

0 = 2(1_v2) [z0 - (tz-zo) ] + 2(1-v1) [(tl+zo) z, | I (6.4
Divide by EI /201 - .1) and set \ = Ez(l - v])/El(l - vz) » Now,

A(Zzo - tz)tz + tl(Zzo + tl) =0, .
or

e = (AEL2 - L B2, v ) (6. 45)

0 2 ] e 2 ! To
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Therefore, the pcsitior of the neutral axis is determined by the relative

thicknesses, and the material constants. The applied moment is given by

Equation (6.46), which reduces to the value given by Equation (6.47).

_ S
b s w0 s st G R LR

¢
% B, ‘%0 Ea
M= v dz + z"dz (6.46)
~Vq l-vl
-(cz-zo) z

0

E.x E,a

3 3 1 3 3
M= ?(—1-:27 [tz + (cz-zo) ] +-3_(1-_v{)- [(:1+zo) -z, j . (6.47

Solving for the slcpe factor, a, and using Equation (6.42) for the value

of M, we find that a is given by Equation (6.4¥):

2
3 aa(1+v)P

. (6.48)
. 3 3 3
+ \:2—20) )] . Eli(tl-!-zo) -2

1-v

2 1-vg

Taking as a typical example a Veritron West JEDEC T0-5 shell-type material
seal with '

El =2x 107.psi L = 0.015 inches
Kovar
v = 0.28 a = 0.300 inches
g, = 1.5 x 10’ psi t, = 0.085 inches
Glass
v, = .25 a_ = 0.300 inches
then A=G.782 and from (2.43), 24 = 3.34 x 1077 fnches.




The upper limit of z - ty gy 48.4 nils. The lower limit of z = -(:2—20) -

=51.6 mils. Therefore, the ncutral axis is displaced from the center live

slightly toward the Kovar. The slope of the strain curve is

3 ©.3%1.28) P

16 151893 + (8.5 - 3.390%) | 20015 3.39)° - (3.30°%)
0.75 0.72

o=

6.

a = 1.26 x 107 (6.49)
The msximum tensile strair in the Kovar is given by
(e = 1.26 x 107 x .0464 P = 6.09 x 107 P . (6.50)
max ,.
Rovar

At P = 1.5 x 10‘ psi, Cax ™ 9.13 x 10". This corresponds to a stress

in the Kovar of

B
E
E
|
=
2
3
E
*
3
4
%
H
£
K
:".
4
3
Z
Z
2
H
H
M
i
H
3
3
.
%
H
3

7
2x 10 A 4
¢ < 2x10 .
Spax’, 1-0.28 X 5-13= 10 2.54 x 10" psi . }
Kovar :

This is about half of the yield stress.

For a 10 mil thick chip of the deformed header, the maximum straia is

(. ) w913 x 10 x84 x107?.

max’ gy L0484

The maximunm stress in the silicon chip will be

3 3

7
( » L83 %10 .y 1073 = 2.78 x 10° psi .

s
oax’ o 9.73

The maxiounm allowable stress in sili:on is on the order of 5 x 106 psi, whick

is about twice the developed stress.
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6.4 Analysis of Flat Packs

An indication of the unsuitzbility of "as 1s" flat pack designs for

operation under pressure is given by considering several examples. The
snallest area for the developzent of z force under pressure is offered

g by a 1/4" x 1/8" flat pack. Figure 2.12 shews a typical example of this

3 type.

The base material is of either metal, alumina or beryllium oxide

with a thickness of abeut 0.02 inches. For chege materials, the strengths

3
3 of interest are: . %
2 .
‘ ‘ 5
5 Metal (Kovar) ~ yield strength - 5 x 10 psi, %
3 b
= Beryllia - flexural strength - 3.3 x 104 psi, %
123 2
3 B
E Alumina - flexural strength - 4.4 x 101' psi. ;;
3 Z
E The base will have an unsupported area of about .087" x 0.197". Taking >
L 3
B the formula (2,2) obtained frow Reark [Ref. 12,p. 227}, with 8 = 0.5, z
- 3
the lowest strength material, beryllia, will start to yield at a pressure §
of
g j
E 4,020 :
-- g Paax 2x3.3x1u x N 13,900 psi. i
2 However, the top cover plate is typically Kovar of about G,003" thickness .
over an uasupported area of G.107" x 0.217". Therefore, the maximun ‘
» pressure is limited by this cover to bl
s H
e 4,005 °
"-‘ Pnax =2 x 5.0 x10 -‘57- = 218 psi
2 or an equivalent depth of 419 feet.
%5 Another cozzonly used flat pack is the 1/4" x 1/4", TO-86. A typical

example, manufactured by Texas Instruaents, is shown in Figure 2.10. Two
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different 1lid thicknesses are used, 0.0035" and 0.005". 1If these are

nmade of Kovar, the maximum permissible pressures for the unsupported area

of 0.180" x 0.i80" are

[+
P aax = 63 psi ,

4 s
gt

or 2n equivalent depth of about 140 feet, for the thin lid (0.0035") and

s

13 Poox = 129 psi for the "thick” 1id (0.005"), or an equivalent depth of
290 feet.

E Table 6.6 tabulates these calculated maxinaum pressures and those

for scme other commonly used flat pack sizes. Note that in each case,

doubling the 1id thickness will provide four times as great 2 maximum

i
¥

allowable pressure. Similar calculations can be made for dual-in-line

a3 e

PR

packages(DIP) which have a flat pack type chip cavity and use, typically,

it

LY

rmetal lids on the order of 0.010" thick. Several of these are shown in

Figure 2.11.

NI

o

Tabie 6.6: Maximum allowable operating pressures for

iy

some commonly used flat pack styles

st

Tafbe

3 Lid Lid Maxinun
&= Type a b Thickness (ir) Haterial Pnnx(p31) Depth {ft)
3 174" x /8" .217 .107 905 Rovar 2138 490
5 174" x 1/4" 180 .180 .0035 Kovar 63 142
S .005 Kovar 129 290
3 /4" x 3/8" .315 .200 .010 Kovar 268 604
Te

. 3 3/8" x 3/8° .300 .300 .019 Kovar 180 405
E:

.
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6.5 Passive Component Package Analysis

An understanding of the effects of hydrostatic pressure on passive

2
3 component packages is provided by consideration of the basic cylindrical
-3 package, shown in Figure 6.5. Also shown in this figure is the free body f
. dfagram for the forces acting due to hydrostatic pressure P. , §
i Considering the cylinder, it will be assumed that the end pieces ’ %
? are very thick (tl-* «). In this case, the formulas from case 30, Table XIII, <§
. pg. 307 in [Ref.12] reduce to a bending moment of £
2,2, 3
- M, = -2PRA3D,/Et,(1 - v/2) 6.51) . z
H 2
5 2
k and a shear force ?
4 :
R 5 vV o= 22M (6.52) 3

s [} 2 5
3 :
7§ at the ends. In these fornmulas 3
;
5 2 2 M :
B A, = (32 - v)/R7ey7) (6.53) R
- 5
- 3 2
b3 D, = Etz J12(1 - v7) . (6.54)

k=

':« Denoting by subscript 1 longitudinal stress components and by sucscript 2

: azeridional siress components, the approupriate formulas for the outer s
13 surface are: E
v’

;; Membrane stress components:

: R R

= s, »m 55— P s, =—P

> 1 2t2 2 t,
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Shear “orce Cenerated Components:

6V° -sz y
[ '
-] " 3 ¢ sin Azx 8y = vsy
i
~A,X
2) ZRH e z
g, = Z_o (cos A, x = sin A _X)
2 t, 2 2
The formulas for the shear force and bending moment generated stresses H

are for one end only (x = 0). The same formulas apply to the other end
substituting (2-x) for x. Using the principles of superposition, the

stress components are added to obtain

- v [ -ax -2, (2-%)
(31) = % + —-——.;2 [e 2 sia A, x+e 2 sin Az(z-x)]
Total 2 At
272
62!0 -Azx ,
-—3 {e fcos Azx + gin Azx]
3
2
—Az(l-x)
+e [cos A, (&=x) + sin i, (f=x)] (6.55)
2 2
< =Ax 16w 2)A,RV -l
(sz) = %- Pte 2 ; sin Ayx - = °\ cos A,x
Total 2 ).ztz 2/
'
N =Xy (2-x} [ 60V 22,RV,
e ——=) sin A,(2-%) ~|——— Jcos A_(2-x)
2 2 t 2
thz 2

+

2,20 ( ~Agx
-T— ?e fcos kzx - sin Azx]

-Az(l-x)
+e {cos Az(l-x) ~ sin Az(l-x)]§
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6vH° -Azx
7 )¢ {cos sz + sin Ale

t

—Azx(i—x)

+ e [cos Az(i-x) 4+ sin A, f2-x)] . (6.56)

2

The parameter xz is the standard by which the cylinder can be judged to
be short or long. For short cylinders (Az swall) the end conditions have
an appreciable sffect near the center of the cylinder ( x = 2/2 ). For
long cvlinders, the end effects become negligible approaching the center

of the cylinder b of the exp tial factors exp(-Ax) and exp[-A(f-x}].

The formulas (6.55) and (6.56) can be applied to the case of an
aluninua housing for an electrolytic capacitor. Typical dimensions are:
length, 1-7/8 inches; diaweter, 7,8 inches and thickness, 0.015 inches.

For aluninum E = 1 x 107 psi, v = 6.33 and the yield stress is sy »2x 106
psi. For these values

1/4 1

A, = [3(1 - 0.11)/(0.438 x 0.015)%] = 15.7 tn > .

2

This relatively large value of *» allows the neglect of end conditions
near the center, and the neglect of conditions at cne end when analyzing
the stress conditions at the other end. At the center, the stresses are
approximately,

0.438
8 -

- — -&. .
1 7(0.015) © - "6 F

= 2s, = -29.2 P .

32 1

The outer surface is in compression with a maximuxn stress in the meridional

("hoop") direction of about 29 tizes the applied pressure.

A-28

Lﬁ) PR NERPTIRG




vy e aAra——————— TV
g T A o e =% ok e -

W« ke

The maximum value of (s

1) occurs at the ends of the cylinder where
Total .

(sl) = ~14.6 P+ 71 P = 56,4 P (x=0,2)
Total

i.e., the longitudinal stress is tensile. The value of (52)

e et v s SR SRR SRE

at the
Total
ends 18 also tensile at a maximum value of
(s,) =32¢P, (x=0,2) . ;
Total 3
The critical stress is the lcngitudinal stress at the ends. Setting this :

AN

equal to the yleld stress sy = 2x 10" psi gives a maximum pregsure of

N

4
Poax ™ 2% 107/56.4 = 355 psi ,

or an eguivalent depth of about 800 fest. Beyond this dopth, deformation

will gtart occurring at the ends.
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6.6 Effect of Stress on Semiconductors

Intrinsic semiconductor properties are determined -to a large extsnt
by the energy band structurc of the material. The band shape, position
in momentum space, magnitude of energy, and number of band edge points
determine the semiconductor properties, It is usually assumed in the
energy band model of the piezojunction effect that cnly the energy
separation between the valence band maximum and the conduction band
ninimum are affected by stress. It is possible to consider some of the
other effccts such as the chang: in .obility due to relative population
and depopulation of certain cnergy cxtremes, and change in effective
mass due to the band dist .*:on. ilowever, most of the first order effects
of stress on the electrical ;- -erties of p-n junctions can be explained
by considering only the effeecz se band gap changes.

In general, semiconductors have more than one valence and ccaduction
band edge point. Often the conduction band edge points are not located
at the center of the Brillouin zone. Let us consider the generai case
of ¢ conduction band minima and 8 valence band maxima, Neglecting any
effects of stress on the effective mass and considering the change in
the energy levels it can be shown that under stress the minority carrier

density, p, or n, 1s [Ref. 25]

Pp %1 £y 7] 2y
-g--;i—;-g[exz)(u) +exploT) + . . -+exp(ﬁ§)]

(6.57)

& &8 . &E
x [exp(—k—.gi) + m(_?rcg) Foe cxp(—-ﬁ.‘z)} = 7,09 .

Where v = 0ff8 and the ZE" - are the changes in the respective energy ex-

tremes and Pro and npo are the zero stress velues of mirority carrier
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density. It is easily shown that the intrinsic carrier concentration {s

2 _.
nt = 77,00 (6.58)

where nio is the unstressed intrinsic carrier density. The factor 7v(e)
1s the parameter which relates the carrier density to the change of energy
band structure with stress. . The number of bands, their encrgy value, the

orientation of the stress with respect to the crystal axis, and the amount

of doping infl the depend of 7v(e) with stress, This dependence
is discussed for the various semiconductor materials in the later sec-
tions of this report.

Given a particular semiconductor and stress orientationm, the ultimate
interest iies in the effects of the strain induced changes in the minority
carrier density which influence the p-n junétiou parameters. Tnere are
two types of current that fiow in p-n junctions: (1) diffusion or ideal
current across the space charge region of the junction and (2) generation-
recombination current resuiting from tr;p centers in and close to the
space charge region of the junction. The generation-recombination current
can be separated into two components: (a) that occurring in the bulk
material and (b) that occurring at sprface of the material., Very little
information is avaiiable on the effects of stress on the surface current.
The effects of stress on the diffusion currents and the bulk generation-
recombination curzents can be tested.

It is interesting to note that it is the stress at the edges of
the depletion region that influences the diffusion currents and not the
stress in the depletion region. In a junction with a strain e, on the
n-side of the junction and a strainm ep on the p-side, the hole and elec-

tron diffusfon currents at a constant bias voltage are (Ref. 25]
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= )
Ip Ipo 7v(°n) (6.52)

In = Ino 7v(cp) , (6.66)

shere e, and eP are the general straias at the two sides of the junctien
and IPG and Ino are the unstressed currents (each are voltage dependent) .

It is not unusual to introduce stresses in a junction such that one sige

of the junction is stressed vith a larger magnitude than the other. This
is particulasly true for stress applied with indenter points. The total

saturation diffusion current is

3 3
IS 1pg Tv(en, + Ino 7v(e?) 7 (6.61%
and

~ qV/xT
I = Is(e -1} (6.62)

vhere II ks the diode diffusion currenc.

If only a part of the Jonetion area, &, is stressed, for example

Asn on tha n-side and Asp cn the p-cide, as showm in Figure 6.6,

A-A N
- - 81, L.
L Ipo LER 1 7yley) ]
n
(6.63)
A-AS
. g .1 a1
+ *ro ¢ & * id 7v(ep) GASp‘ -
sp -
For the special casc 9f unifom straia 2
TA A Ay (e)
- s s’y
- Is O e Sy st I (6.64)
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In-the case of belk gencrationsrecombination eurrents, it fs the

stress in the fimetion that affscts the turrent. The recanbinotign cur-

rent. iz given by ) S
I; ) T : A [ ) .
a7 @@Ly v v -
I o - < (#:65)
. 5 T h LAV .

where 2 and b are ~onstants dLbé;ding o tﬁ} lifctime and vunber of tiap
centers and thaoxw energy pcciiin?: in 1~ br&h gap, and Vo is tie bulls-in
junction poientia®. This exprescion n;glcct; chatpes ia the trap energy.
The effects of stresaing only s part of <he junrtlan‘can be arcounted for

in the same manner a3 was done for the diffugien curvent.

6.6.1 Effect of Stress ca 8 and 5%
The effect of stress on Ge ;;d 51 has been previcusly reportad. The
follewing is a susmmvary of the previous work [Refs. 25, 26, 27} and is in-
cluded for cowpletencss of this report.

The encrgy tand structures of Ge and §i are shown in Figures 6.7 and 6.8,

R

The degenerate <5 level located at k = (000) 15 the maxisun valence

level and is assigned an enerpy value of zero for both Ge and Si.

Actually I/ has two ditferent cnergy valucs, onc correspoading te
Y25

3 =3 and onc correcponding 0 j = 3. The Tfs (3 = 3) level is ~0.04 o

3 3

olow * -7 {3 = < ”, f i . . '{r o, ) I (i = ==

below the Tas U :) ievel for Si and 9.3 ¢V for G The st (& 2)

level is itscl{ degenerate. 1he conduction level minima or valleys are
in the (111) direectiasns for Ge and are located at Ll' The conduction

minirma on $1 are on the :1 curve and occur fa the (100) directions with

k value slightly icss than that of the X, levels. In G2 and Si, Xl is

2 degenerate level.
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Pigute 6.7 Znergy Band Structure of Germapivm for the <ili» and <100>
Directions in k-spacze.
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Figure 6.8;°Encrgy Band Structure of Silicon for the <111> and <i0G>
Directions in k-space.
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As onec woull expect, nechanical deformation of a crystal destroys $

the lattice periodicity and the cnergy bands will change. The change is

TRy

described by using deformation potential cocfficients [} which are defined by

(6.66)
y 58

where E is the cnergy at the band edge point, F'o is the unstraiaed
eperyy, and es are the strain componr nte referred to crystal axes.
The allowed cnergy levels arc found by determining the eigenvaluces

of the Hamiltonien. %he cnergy change, £E, is defined by

‘ i ]
U bt s sV 81 4 & a el erd BT ARES

LE=E-E . (6.67
The changes in the valence and conduction band of Ge and Si are
summarized below: .
Valence Band of Ge and Si t
2 2 2, 2 2
A‘E\!l = Dd ¢+ ((3 Du) (cl .7 e, eyt - e, - ey - c2c3)
. (6.68)
2 2 2 2 2.5
= e Ry
+ (3 nu) (c!‘ +egt e )}
AE,, =D, ¢ - f(-::l))z(oz-i-ez-l-ez-ce - 2¢, - ¢,€
“v2 "t Ye '3 T ‘1 z 3 127 7173 7 23
(6.69)
2002 0?45 4 e
+(3Du) (-.1‘ +e2+t.6)]
where E“ {s the "heavy" hole band and E\'Z is the "light" hole band.
Conduction Band of Ge
. I 1o ) ;
L\Ecl ([]d+3[,u) e+6“u (e&+e5+e6) R (6.70)
1 M = (), <20 e+ 21 (e, - e - e) (6.71)
. (7] i 3%u 6 °u 4 5 [
~ s -




i K,

b e i v et et e wan ot e e
b '
B, = ([1, +51) e +2[) (e, + ¢, - e) (8.72)
b c3 d’ 3% 6" 'u 4 5 6’ ? *
,j
;" A-cl‘ ] 3[] ) e + 6[] \' - es + es) ] (6'73)
g
1’ where ECI is the conduction minimum in the [111] and {1I1] directions, ECZ
+ 15 the mintmm in the [111] and [111] directions, Eg, is the nintmm 1n
2
-3 the [1i11} and {111} directiens, Ecl. is the minimun in the [111] and [111}
g
e directfons.
3
E Conduction Band of Si
e
k- : 7 2 .
2 (g e+ 0, o - (1) ep% 5 [ey] < &/201D
E Lo = €6.74)
: e+l e +2-1e, ; > /(2030
H 4 W t3 w3 %] 2by
3 ;32
s 1 - 117 . 4
3 Oge+ Uy e - Ul edVE 5 |eg] < &/2([)))
: s, - (6.75)
. LE
£ . ] e+ [] e, + - - [] e ; 'esl >AE/2([];)
- 2 . ,
5 Oger e~ (M), e/ 5y < &/2A1D
&5, = (6.76)
2E
3 ge+ U, e+ - 13l e Y > =101 H
3 :
/; where I—:cl is the conduction minimum in the [100] and {100] directfons, ECZ ?
' is the conduction minimam in the {010] and [010] directions, By 15 the E
oinimm in the [001] and [001] directioms. 3
2 Referring to the set of Eqs.6.70~6.73 and to Eqs. 6.74-6.76 it is
N ‘E' seer that for a general strain some of the conduction minima increase in ?
. g energy while others decrease. This means that electrons will populate
' the lowest oinirma and depopulate the higher minizma, Likewise the valence :
Z

levels shift relative to cach other as shown by Eqs, 6.68 snd 6.69. Again

0y

23

A-37




o TR A R B SR T A B e TR LY 27T

the holes will populate the higher cnergy level. The band gap Eg is

defined as the difference in energy between the lowest conduction minimum

and the highest valence maximun. For hydrostatic pressure all of the

conduction levels shift the same amount. Likewise the valence levels

shift together. The shifr of Eg vith strain ic then simply the change

in the conduction levels minus the change in the valence ievels.

Table 6.7 lists the changes in the conduction and valence levels for

a hydrostatic, uniaxial {100}, uniaxiazl [111], and unfaxial {011] com-

pression stress. As sliown, the effect of unizwial stress is considerably

different from that of a hydrostatic stress. Uniaxfal stresses generally

cause a splitting of degenerate levels whilc hydrostatic stresses do not.
Using these changes of enmergy level and Eq. 6.57, the theoretical re-
lation of 7v(o) vs stress is plotted in Fig. 3.4 for Ge and 3.3 for
Si.
6.6.2 Effect of Stress on I1I-V Semicenduztors

The III-V cozpounds crystaliize in the zinc-blend structure which,

1ike éiamond, has face-centered cubic translational symmetry and its in-

verse lattice is body-centered cubic. The first Beillouin zone has the

form of the truncated octahedron similar to Ge and Si. The zinc~blend

structure has two different atoms per unit cell and as a result does not

have inversion sysmetry. This lower symmetry affects the band structure

removing sosze of the degeneracies whick occur in diamond-type crystals.
The major features of the energy band structure of 11I-V compounds are
sinilar to those of Ce and Si. Neglecting spin-orbit fnteraction, the hole

bands of III-V ¢ ds are ¢

t

posed of three energy bands which can be

thought of as arising fro=m the threc bendlng p-orbitals (Px’ py, pz) of
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Table 6.7: Rela:ive Chaage in the Conduction and Valence Energy Levals in

10 x ev/psi as 2 Function of Hydrostatic and Uniaxial [100],
[111], [OX1] Stress

Energy Levels

St:'ess Orientation

Hydrostatie f100] {111) (1389]
Germanium
; &y, - &y ~3.45 0.60 7.55 4.08
§ oy - 2, ~3.45 0.50 1.22 4.13
i 28, - Mg, -3.45 0.60 1.29 0.11
E 8y, - LB, ~3.45 0.60 1.29 0.11
: &y, - By -3.45 ~2.95 3.36 -2.46
2 &, - E, ~3.45 -2.95 ~5.47 -2.46
&y, ~ By ~3.45 -2.95 -5.47 ~6.47
By, - g, ~3.45 ~2.95 -5.47 ~6,47
2
g Silicon
Ly - LBy 1.03 6.23 .11 -1.33
: Ly - BBy 1.03 ~1.22 1.11 2,38
g LEy - BBy 1.03 -1,22 1.11 2,38
E BEg, - &gy 1.03 4,38 ~0.44 -2.96
E Ly, - BB, 1.03 -3.07 -0.44 0.766
, SEgy - LEcq 1.03 ~3.07 ~0.44 0.766
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of the atoms. These three bands arce degencrate at k= (0, 0, 0) sincc

they are sinply transformed into cach other by the cubic syrmetry at

; that point. Each band 1s also spin-degenerate, so there is six-fold

“ degencracy altsgether. %
The spin-orbit interaction causes a splitting of these bands, iato %
: heavy and 1ight hole bands and a split-off band which is slightly lower %
; in encrgy than the other two bands [Refs. 62, 63}. For Ge and Si which %
.; have inversion sysmctry at = (©, o, 0), “k =) is zezo at the origin E
’ of 'k’ space and z local minieum or wmizirum exicts in the band structure ;j
{-,7 [Ref. 58]. For 1II.V cowpounds, the inversion sy.metry is missing and §
E the energy bands are no longer required to have zero slope at the origin. :

AY G na g
A

The encrgy band structure, however, does remzin sysmetrical in k-space i

even when inversion sysmetry is missing, i.e., E (-K) = E {B) [Ref. 65].

SN

Typical hole energy band structures for the diamond structure and for

R the zinc-blend structure are shown in Figure 6.8. The numbers fndicate the

degeneracy of the various levels.

rctdiies

For the zinc-blend structure the non-zero siope on the energy bands
at the origin of k-space implies that the maxizum hole encrgy or the band

edge points occur somewhere within the Brillouin zone. For most of the

et P TL LG | A TR

I11.V corpounds, nowever, the band edge points apparently occur very

close to k = (0, 0, 0) [Ref. 65]. Figure 6.10(a} shows expanded sketches

A
Ar R

of the hole encrgy bands near (0, 9, 0) for zinc-blend structures.

%

A detailed treatment of the effects of stress on the energy band
fis structure of ITI-V compounds comparable to that of Ge and S has ap-

parently not been made prior to this contract. Because of the cubic

syrmetry, the c¢ifect of stress on the energy band structure at (0, 0, 0)

A-G0
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i> similar to that of Ge and Si, and the splitting of the energy levels

with stress can be described by three deformation potentials de, Du’

and Dl’l. A detailed treatment of the energy band structure without stress
has been made by Dressclhaus using the k- P perturbation approach [Ref. 65].
It is possible to use this information to gain an indication of how the
energy bands are split under stress for small values of ¥ near 0, 0, 0).
The & * ; perturbation matrix for cubic symmetry is similar to the strain

perturbation matrix. In the - 3 perturbation, second order teras in

1 appear.in the form kikj' The strain perturbation has similar terms

of the form e 5 Recognizing the simiiarity between the strain pertur-

bation and the % - -p° perturbation, it is possible to obtain from
Dresselhaus's work the following expressions for the energy bands at
small values of k and for particular stress directions:

(a) Stress in {160] direction; k in [100] direction

EV = I)du e+ ((% l?vu)2 (el - ez)2 + Czk2]§ (double roots) (6.77)

(b) Stress in [111] dircetion; k in {111} direction

T /) e, (double root)
u
v & e+ ('Dl:) e, +\& Ck (6.78)

®) e, - J2

Note that for k = 0, these expressions reduce to the same form as for

CGe and Si. Fronm these solutions, the shape of the energy bands under

stress is sketched in Figure 6.10(b). As can be geen in the figure, the

rajor effect of stress is a splitting of the 4 fold degencrate level

at €0, 0, 0) into two doubly degcnerate levels at {0, 0, 0).
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For

piczojunction phenomena, the important cffect of stress is the

shift of the band cdge points and the accompanying changes in minority
carriers {Ref. 25). As long as the hole band-edge points for III-V com~
pounds occur near (0, 0, 0), the normal cquations uscd to describe

stress effects in Ge and Si car be used as good approximations with

appropriate deformation potentials.

The majority of III-V compounds (GaAs, GaSb, InP, InAs, InSb) are

direct band-gap materials with the conduction band minicum occurring

at €0, 0, 0). Tne effect cof stress on the conduction band is then

described by a single deformation potential, f.e., Ec = Ddc e. The

cffec- of hydrostatic stress is to change the band-gap oy the amount
- c_ v
A,g = (D 3 D 4 ) e.

Neglecting the relatively ninor differences discussed above
between the band structure of IIXI-V compounds and Ge or Si, the changes
in the energy between the conduction band and the two valence bands for

I1I-V compounds are

¢ v 2.2, 2 2 2
A(EC-EV)=(Dd -Dd)cf{(-inu) (l.:l +e, + e

3
{(6.79)
2 .
e c,-e 6,0 c3) +%(D\,x)2 (042 + csz + e })% .
For the [100}, [111], and [11C] directions of stress, this becomes
[Ref. 65)
- c v
A(Ec - Ev) (0" - D) (s4y + 25;,)5 + &E (6-80)

vhere § is the magnitude of stress and slj are coxmpliance coefficients,

and where

PR 24

ens

g
<
g
4
=
£
>
~
=4
B
8
3
o
X

lmfcw«nsw«m'{wmm.w-




P T B
- '?&QWW“*‘* ST TR S BRI VA T s e
Y T -

TEs A O AR e Do 1

N m:”’!“’«'i,“'“"""g'

A .
3 b (su °_512) s. for [100] stress

SE = .l D! 5, S for [111] stress  (6.31)

% [( ) (sy, - 512) +-— ®) su.]% T for [110] stress.

For the majority of III.V compounds, all the deformation potentiais

are not known so it is not possible to make detailed calculations of

stress effects. GaAs is an exception-in which all the necessary quan-

tities have been determined. The deformation potentials and complisnce

coefficients are shown below [Refs. 66, 67]:

c v -8 -1
Dd - Dd = 8.7 ev 811 = 8,1 x 10 ° (psi)

D = 3.15 ev s
u

-8 -1
12 ™ -2,52 x 10 © (psi)

. . sAAE LI A
st .u‘mmw-\mw:mr._mrg.ug,‘u;ﬂ_»f;:,!{:.@txiﬁﬁ!iiﬂ}lMmﬂw

_8 -1
- = 11,
Du 5.63 ev 344 11.6 x 16 = (psi)

PR

For compressive stress of magnitude S these give the following changes
in the separation between the conduction band and the two hole bands: )
(2) [100] stress :
45,89 S
0.428 5 (10~ ev/psi) (6.82)

12

(b) [111] stress

1,2 3.95 s

-7
& = Ll . .
e 196 S (10 * ev/psi) {6.83)

{c) [110] stress

L2 Juasss|
658 * Yoz st QO ev/psi) (6.8%)
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For ail the above stress orientations, the theory predicts an Incrcase

ix the energy gap between the conduction level and both valence levels.

ises because the splitiing of the valence levels under non-

Tuis ar

hydrostatic stress is not cufficisas te overcome the increase in the
tand-gap due te the hydrostatic component of striss. -

Using the above valucs of changes in cnergy gap, the ratie of

str d to uncsir

¢ minority carvicr dengity can ke calzulafed.

This ratio, 7v(c}, is determined by the relation - i -

3/2 3/2 - .
' AE, - Ey) A, - Ey,)
7, (e) = n\13 exp[-—E 0] + vz exp [ vz 1. (6.85)
v ETF) KT % 372 KT
(=) (=)

Using the approximation

32 0302 1 *)3/2
'/ S 7] 2 Wy ’ (6.86)
this can be reduced to
AE as
1 21 2
7,00 >3 {exp (5D + exp (59 . (6.87)

This cquation is plotted in Figure 6.11.
The piczojunction plenomena is nommally obscrved by stvessing a

small region of a p-n junction--the small area being used in order to

achieve high stress levels with small forces. In Ce and Si stress

causes a decrease in the band-gap and consequently very large increases

in the curreunt flow through the stressed area. The effect can be ob-

served because the current can increasc by several orders of magnitude

which is sufficient to overcome the arca ratio factor detween the
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Pigure 6.11: Ratio of Stressed to Unstressed Minority Carrier Density for
GaAs as a Tunction of‘ Uniaxial Comprescion.
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stressed and unstressed regicns,

In GaAs the curvent in a small stressed
arca should decrease becaure of the increased band-gap, and the maximum
change in current which can be observed is

AL

T lmax = - AQA,

(6.88)
where A is the total junction area and AS is the stressed area. Thus;

unless the stressed area fs a significant part of the total junction

area, very small current changes should be observed for GaAs devices.

A=£8
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